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EXECUTIVE SUMMARY 
Passive treatment systems for mine waste water have, over the past 10 years, received 
increasing attention from the research community. These types of treatment options 
are particularly attractive for decommissioning in situations where effluent loadings are 
low and flows seasonal. The effluent-cleansing processes are natural in passive 
systems, and are biologically-mediated. Wetland sediments are the most important 
aspect of these natural treatment systems. 
The use of sediments for passive treatment in ponds within a muskeg area surrounding 
a waste rock pile is being investigated. Acidic seepage from that waste rock pile 
requires treatment, specifically for the removal of As and Ni. Microbial activity is 
stimulated in the sediment with additions of degradable carbon. Field enclosures set 
up in the muskeg ponds have removed As and Ni from seepage water and the pH has 
been increased. Detailed laboratory studies confirmed the removal at similar rates in 
batch conditions. 
A literature review on As and Ni in sediments indicates that adsorption/desorption are 
the main processes which control both metals’ chemistry in the sediment; these 
processes are affected by Eh and pH. Arsenic can be precipitated as ferrous-arsenate 
and Ni as nickel sulphide. Both precipitates can be microbially mediated in the lower 
parts of the sediment. 
Sediments were spiked with these precipitates and recovered using sequential 
extractions. The sequential extractions identify the exchangeable forms of the 
precipitates, those which are organically bound, the carbonate forms of the precipitates, 
and finally with a nitric acid extraction, the mineralized forms of the precipitates. Arsenic 
was extracted mainly in the organically-bound fraction, ranging from 86 % to 98 % of 
the spike. Nickel was partitioned between the exchangeable fraction and the organic 
fraction. In the presence of sulphide, a significant shift was noted in that more Ni was 
extracted as exchangeable (86 %) and less remained in the pore water (1.3 %). This 
suggests indirectly that the sediment adsorption properties change in the presence of 
sulphide reduction, which increases the stability of the sediment as a Ni sink. 
The laboratory reactor sediments, which facilitated the removal of As and Ni from the 
seepage, were sampled destructively to determine pore water chemistry and the 
chemical forms of As and Ni which had accumulated in the top 1 cm of the sediment. 
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The pore water chemistry indicated that in reactors where microbial sulphate reduction 
took place, the lowest Ni concentrations (0.43 mglL) were detected in the pore water. 
In the control reactor, the concentrations were 7.8 mglL. The highest As concentrations 
were reported in the control reactors, at 11 mglL, which was reduced to 3 mglL when 
carbon amendments were added to the sediment. The original seepage water 
concentrations were 39 mglL and 61 mglL of As and Ni respectively. 
The As in the top layer of the sediment is present either as organically bound or 
extractable with the carbonate fraction. Through carbon additions, a shift takes place 
to the carbonate form. None of the As is present in the mineral fraction of the 
sediments. The distribution of the precipitated Ni is different from As in that about 43 
% to 84 %O is present in the exchangeable form, 42 % to 69 %O as organically bound, 
and the remainder as either carbonate (3 % to 8 %) or in the mineral form (6.8 % to 16 
%). 
A final mass balance on the reactors suggests that, overall, only a small fraction of the 
As and Ni is available in the pore water. In the reactors where organic matter was 
added to the sediment, generally higher fractions are retained in the sediment. 
Experiments were carried out in 2 L column reactors to repeat the previously noted 
removal capacity of muskeg sediments to treat seepage high in As (85 mglL) and Ni 
(74 mglL). The results were repeated and effective removal (> 90 %) was achieved for 
both elements within 56 days. Organic amendments (potato waste) stimulated 
microbial activity and generated reducing conditions. 
Further work will be required to compare the laboratory results to the field results. To 
date however, the stimulation of microbial activity in muskeg sediments appears to be 
a promising option for decommissioning. 
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1 .O INTRODUCTION 
Wetlands have been employed for the mitigation of acid mine drainage. Most of these 
wetlands are for the treatment of coal drainage and function by precipitation of iron as 
iron(ll1) hydroxides in aerobic conditions (Brodie 1990). Treatment of base-metal-rich 
mine drainage has been less extensively investigated. Emphasis has been placed on 
anaerobic microbial treatment where, in sediments, alkalinity generation takes place 
through iron and sulphate reducing bacteria. The pH is elevated as a result of the 
microbial activity which, in turn, facilitates the precipitation of metals as either sulphides 
and/or hydroxides (Bell et a1 1989, Kalin 1993, Wildeman 1992). These processes take 
place in wetland and lake sediments and might be utilized as a decommissioning option 
for seepage treatment. 
A waste rock pile of a uranium operation in northern Saskatchewan generates acidic 
seepages with elevated concentrations of arsenic, nickel, phosphate, sulphate and 
nitrate. The quantity of seepage from the waste rock pile is not extremely large and 
only emerges seasonally. The waste rock pile is surrounded by muskeg, which has 
several open shallow ponds; the ponds have been assessed as to their usage as 
seepage treatment areas. The muskeg/wetland is a perched water body, supplied only 
by atmospheric precipitation with diffuse inflow and oufflow. 
The feasibility of using the open water ponds in the muskeg has been addressed 
through a series of field and laboratory experiments. It has been proposed that if 
microbial activity can be stimulated in the muskeg sediments through additions of 
carbon to generate alkalinity, then the production of reducing conditions would lead to 
the precipitation of contaminants. As the concentrations of nutrients in the seepage are 
relatively high, the biomass expected to be produced in the ponds could utilize both 
phosphate and nitrate present in the seepage. This biomass, in turn, could provide a 
continuous source of carbon for the microbial activity in the sediments. Since 1992, 
seepage water has been introduced to field enclosures and laboratory reactors in which 
the rates of removal of both As and Ni have been determined. 
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Results are summarized in Smith et al (1993), and Fyson et al (1994). The field 
enclosures and the laboratory reactor experiments established that, under reducing 
conditions and in the presence of potato waste or alfalfa pellets, the sediment from the 
wetland was able to remove As and Ni from seepage water in batch conditions. 
Prior to large-scale treatment in the field, it is essential to assess the treatment capacity 
of the muskeg sediment and the stability of the removed contaminants in the 
sedirnents, with particular reference to the possibility that the pond water chemistry 
could change over the season (e.g. an influx of spring runoff water could result in 
dilution of the pond seepage water). 
The objective of the work carried out jointly with CANMET and CAMECO seeks to 
characterize the chemical forms of As and Ni removed from the seepage water to the 
sedirnents. Laboratory reactor experiments will be initiated to determine the capacity 
of sediments to remove As and Ni under flow conditions. The sediments from the 
laboratory reactors, from which the initial data were collected on the removal of As and 
Ni, will be used to determine the stability of the precipitates formed in the sediments. 
Sequential extractions are used to determine the chemical form of the precipitates, 
either as an organocomplex or in an adsorbed form. 
A literature review on both arsenic and nickel biogeochemistry is used to identify the 
main chemical factors controlling the water-sediment interface, as this is the driving 
force of the proposed seepage treatment system. 
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2.0 ARSENIC AND NICKEL IN THE AQUATIC ENVIRONMENT - A  LITERATURE 
REVIEW 
2.1 Species of Arsenic 
The average concentrations of arsenic in shales, igneous rocks and sandstones is 13, 
1.8 and 1.0 mgkg respectively (Onishi and Sandell 1955, Lemmo et al 1983). Arsenic 
is an element of multiple oxidation states. The common species of arsenic found in 
water, sediment and soil systems are arsenate(+5), arsenite(+3), monomethylarsonate 
(MMAA +3) and dimethylarsonite (DMAA +I) (Andreae 1979, 1983). Their respective 
chemical structures are presented in Figure 1. Most of the natural arsenic pool in water 
exists in the inorganic forms of arsenite (As+3) and arsenate (As+5). The organic 
forms MMAA and DMAA are very small components of the total As pool, representing 
up to 5% in water or sediments (Faust et al 1987a). 
The inorganic As species are primarily controlled by Eh and pH. Figure 2 is a pH - Eh 
diagram of As which shows the interchange between As(+5) and As(+3). The 
thermodynamic data are from Kotz and Purcell (1987) and Stumm and Morgan (1981). 
Generally, As(+5) dominates in surface waters, sediment surfaces and aerobic 
environments. In some sandy sediments, even under anaerobic conditions, As(+5) is 
the dominant species. This is probably due to the absence of electron donors (i.e. 
organic matter in the sandy sediments) (Faust et a1 1987a), or due to the presence of 
oxidizing material in the sediments (Oscarson et al 1980). As(+3) exists in the deep 
sediments and pore water under anaerobic conditions. 
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Figure 1 .  T h e  M a j o r  Arsen ic  S p e c i e s  in Nature 
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2.1.1 Biolosical Cvclinq of Arsenic 
Arsenic can enter a biological system similar to the phosphorus cycle in the 
environment; the As cycle and balance in nature are important. Arsenic is toxic due to 
its ability to form covalent bonds with sulphur, and As(+3) has a high affinity for thiol 
groups of proteins. This reaction inactivates many enzymes, making this radical more 
toxic than As(+5) (Tamaki and Frankenberger 1992). 
In highly productive ecosystems in the water, up to 80% of the total As pool may 
undergo reduction and methylation by algae (Sanders 1983). Arsenic uptake is not 
influenced by external phosphate (Budd and Craig 1981), however the presence of As 
may depress the uptake of phosphorus by algae (Brunskill et a1 1980). 
In aerobic conditions algae can reduce As(+5) to As(+3), and methylate As(+3) to the 
non-volatile compounds (Baker et al 1983) monomethylarsonic acid (MMAA +3), 
dimethylarsinic acid (DMAA +I) or trimethylarsine oxide (TMAO -1) (Johnson and Burke 
1978, Andreae 1983). Methylation is equivalent to a biological detoxification process 
for As. In Figure 3 all biological reactions for As are summarized and lettered, starting 
with "(a)" for the algal reduction and methylation. 
Bacteria are approximately 10-fold more resistant to As(+5) than to As(+3) (Osborne 
and Ehrlich 1976). Under aerobic conditions, bacteria catalyse 78-96% of the As(+3) 
oxidation into As(+5) (Wakao et a1 1988) (see Figure 3(b)). 
Under anaerobic conditions, bacteria reduce As(+5) to As(+3) and methylate As(+3) 
into MMAA (+3), DMAA (+I) and further into dimethylarsine (see Figure 3(c)).  Some 
fungi generate trimethylarsine (Tamaki and Frankenberger 1992). 
Boojum Research Limiled 
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Figure 3. Arsenic Cycle in Nature 
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Soil and sediment bacteria can demethylate dimethylarsine and trimethylarsine into 
arsine; this is the primary mechanism for As loss to the atmosphere (see Figure 3(d)). 
Arsine in the air can be oxidized into As(+3) and As(+5) forms, and fall down to the 
ground with rain (Figure 3(e)). 
Since As can enter the food chain, microbial metabolism is another facet of its 
biological cycling. The end product of As in the higher trophic levels (e.g. shrimps) is 
arsenobetaine (Norin and Christakopoulos 1982). Such organic forms of As can be 
broken down by bacteria to As(+5) and carbon dioxide. The general degradation 
process follows the direction below (Kaise et al 1987, Hanaoka 1987): 
arsenobetaine + trimethylarsine oxide + DMAA -, - MMAA -. As0;(+3) - As0i3(+5) (see Figure 3(9) 
2.1.2 Stability of Arsenic Species 
The residence times of arsenic in various environmental components are listed below 
(Mackenzie et al 1979, Woolson 1983): 
Environment Residence Time (vears] 
Sediments 99,800,000 
Ocean (dissolved) 9,400 
Land 2,400 
Terrestrial Biota 17 
Oceanic Biota 0.07 
Air (total) 0.03 
Overall, organic fractions comprise only about 5% of the total As. These organic forms 
are chemically less stable than inorganic arsenate and arsenite - the more desirable 
forms of arsenic - which can remain in the sediments as stable precipitates. 
Boojum Research Limned 
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2.1.3 Arsenic Adsorotion Processes 
Arsenic chemistry in soils and sediments is believed to be mainly controlled by 
adsorption-desorption mechanisms; both As(+3) and As(+5) can be adsorbed. The 
adsorption process is controlled by Eh and pH (Goldberg and Glaubig 1988) which are 
the same factors controlling the chemical species of the inorganic As forms. 
Elkhatib et al(l984) used a modified Freundlich equation to describe the kinetics of the 
As(+3) adsorption process in soil. They found that Fe(+3) oxides and Eh are the main 
soil properties controlling the As adsorption rate. 
Pierce and Moore (1982) studied the adsorption of As(+5) and As(+3) on amorphous 
iron hydroxide. Their conclusion was that As(+5) adsorbs more readily than As(+3); the 
optimum pH condition for As(+5) adsorption is pH 4, and for As(+3) pH 7. 
The adsorption of As to oxides (Fe, AI, and Mn), clays and sediments has been 
studied. Strong linear correlations exist between total As concentrations and both Fe 
and Mn concentrations (all elements are determined by neutron activation analysis) in 
the surface sediments of Lake Washington. A poor linear correlation of total As 
concentration with organic carbon concentration (oven-dried sediment treated with HCI 
and then with a LECO carbon analyzer) was observed in the same sediments 
(Crecelius 1975). 
Although adsorption of As occurs on the surfaces of both Fe(+3) and Mn(+4) oxides, 
the situation is different. The surface of Mn(+4) oxide is mostly negatively charged. 
When Mn(+4) oxide is reduced to Mn(+2) in the deeper sediment, it dissolves and 
diffuses into the porewater. Mn(+2) may then be adsorbed by the surface of Mn(+4) 
oxide. This changes the sediment-bound Mn(+4) oxide's surface charge from negative 
to positive, which then adsorbs the negatively charged As(+5) anions (Takamatsu et 
al 1985). These oxidationlreduction processes can be affected by microbial activity in 
the sediment. 
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Mn(+4) oxide can oxidize As(+3) into As(+5) (Takamatsu et al 1985). For example, 
As(+3) is observed to be oxidized by Mn(+4) in fresh sediments from a southern 
Saskatchewan lake into As(+5) through an abiotic process. The reaction activation 
energy is only 3.3-8.5 kcalhole. This low activation energy required for the reaction 
indicates that the oxidation process is very fast and mainly diffusion-controlled (Huang 
et al 1982). It has been shown that under N, gas flow, As(+3) is oxidized by Mn(+4) 
and Fe(+3) in the sediments. These oxidations can take place according to the 
following reactions: 
HAsO, + MnO, + 2H' = H,AsO, + Mn'2 
HAsO, + 2Fe'3 + 2H20 = H&O, + 2Fe" + 2H' 
Sorption of As is occurring simultaneously with the oxidation of As(+3) to As(+5) 
(Oscarson et al 1980). 
The Fe(+3) oxide surface is mostly positively charged, hence it readily adsorbs the 
negatively charged As(+5) anions. However, the adsorption is only favoured by a low 
pH. At a higher pH (> 5.5 - 6), the Fe(+3) hydroxide surface becomes negatively 
charged and this makes the adsorbed As unstable (Dzombak et al 1990, Brewster 
preprint). 
There is disagreement in the findings about the relationship between As and A1(+3) 
oxide components in the sediments. Some reports showed a positive correlation effect 
between them (Huang 1975, Livesey and Huang 1981), whereas a poor correlation was 
indicated by others (Crecelius 1975). 
Phosphate (P+5) and sulphate (S+6) sometimes compete with As in the adsorption 
process. Addition of phosphate or sulphate after As(+5) or As(+3) had been adsorbed 
had very little affect on the adsorption of As. A significant effect on the adsorption of 
As at low concentrations was evident after phosphate or sulphate had already been 
adsorbed (Pierce and Moore 1982). Barrow (1974) found that high concentrations of 
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As(+5) solution (As(+5) = 37.5 glL) can displace phosphate (200 pg  phosphate per g 
of soil) from soil. Livesey and Huang (1981) examined the influence of anions (nitrate 
(N+5), chloride (Cl-l), sulphate, and phosphate) on the adsorption of As by active soil 
components. The molar ratio of anions to As(+5) ranged from 100 to 10000 (As(+5) 
= 0.10 mglL to 2.15 mglL). Nevertheless, other anions, which were tested in relation 
to affecting the adsorption of As by the soils, did not vary significantly with increased 
concentrations of chloride, nitrate and sulphate. Only phosphate substantially 
suppressed the adsorption of As. 
As mentioned above, adsorption-desorption equilibria with sediments are considered 
to dominate the As concentrations in the aqueous phase. Part of the adsorbed As is 
related with Fe(+3) oxide and may be extracted by oxalate solution, while the remainder 
is complexed with organic molecules and, hence, is not oxalate-extractable. 
Faust et al (1987a, b, and c) did a series of experiments to test the stability of As in 
sediments of the Maurice River, Blackwater Branch, and Union Lake. They found that 
both sandy and organic sediments have 43% to 81% As non-extractable by distilled 
water or 1 N HCI solutions (Faust et al, 1987a). Among the extractable As, less than 
1% is released from organic sediments while 28-48% is released from sandy 
sediments. This indicates that organic sediments have a stronger affinity and a greater 
capacity for sorption of As than sandy sediments (Faust et al, 1987b). 
As(+3) is more mobile than As(+5). Under reducing conditions therefore, where this 
form will predominate, As concentration increases greatly (Masscheleyn et a1 1991). 
The As release is strongly dependent on the oxidation states and the surface charge 
of Fe(+3) hydroxide in sediments. Under anaerobic conditions, 10 times as much As 
is released from sediment than in aerobic conditions (Clement and Faust, 1981). 
Arsenic is not released within the aerobic range of 10% to 100% oxygen saturation in 
the sediment. 
Boojum Research Limited 
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2.1.4 Arsenic PreciDitation Processes 
Besides adsorption to the sediments, arsenic may also precipitate or coprecipitate in 
the sediments. Various metal ions can form precipitates with arsenate (As+5). Hess 
and Blanchar (1976) used ion products of AI, Ca, Fe, Mn, and Pb arsenate compounds 
to study the equilibrium states of As in some soil samples. They found that Pb 
arsenate and Mn arsenate are more stable than Fe, AI, Pb and Ca arsenate 
precipitates in their soil samples, and both Mn and Pb concentrations control the level 
of As in solution. Under reducing conditions, As can react with sulphur to form the 
stable sulphides As4S4 (realgar) and As$, (orpiment). 
Overall, adsorption of As in sediments with Fe(+3) and Mn(+4), A1(+3), and precipitation 
of As with sulphide (S-2) and other metal ions are the major mechanisms for arsenic 
removal from aqueous environments. 
2.2 Species of Nickel 
Most nickel is produced from sulphide ores, such as pentlandite ((Fe,Ni),S,), the 
arsenide ores, such as niccolite (NiAs), chloanthite (NiAs,) and nickel glance (NiAsS) 
(Nicholls 1973). Nickel can form compounds in a series of valence states from -1 to 
+4; the most common state is Ni(+2). Additionally, nickel can form organometallic 
compounds (Nicholls 1973), while free nickel ions can form a large number of 
complexes with organic phosphorus and nitrogen compounds. Nickel also has quite 
a high adsorption ability (Weider, 1990). 
In a study of the Yukon and Amazon rivers, 2.2% to 2.7% of the total nickel was found 
in solution as free ions and complexes. The rest was found adsorbed on suspended 
materials in metallic coatings, or incorporated in solid biological materials, or in 
crystalline structures (Gibbs 1973). 
Boojum Research Limned 
April 20, 1994 
12 
CANMET 
AsMi Final Report 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
The mobility of nickel in soil and sediment pore water is low. In Sudbury, nickel and 
copper concentrations in surface samples of soil and sediment were found to be 
elevated (Hutchinson et al 1975). However, the elevated concentrations were confined 
to the top 15 cm. This indicates that the nickel does not move vertically downward 
through the sediment or soil profile. 
2.2.1 Bioloaical Cvclina of Nickel 
Nickel is one of the essential trace elements for living organisms (Mertz 1974, Nielsen 
1971). It is an essential component of bacterial enzymes such as hydrogenases 
(Hausinger 1987), but it is also very toxic to most bacteria (>5.87 rnglL). 
Bacteria with high nickel resistance have been isolated from heavy-metal-rich sites. 
Four hundred nickel tolerant "isolates" have been collected (Schmidt et al 1991) and 
some were able to grow in the presence of 2.35 mglL NiCI,. 
Nickel resistance is determined by the presence of genes on a DNA plasmid which can 
be transferred between bacteria and can, therefore, potentially spread within heavy- 
metal-polluted ecosystems. The plasmids carrying nickel resistance may show 
resistance to other heavy metallic ions such as cobalt, chromate, and mercury 
(Mergeay et al 1985, Schmidt et al 1991). 
Algae (Scenedesmus acufiformis var alfemans) isolated from heavy-metal-polluted 
lakes near Sudbury, Ontario are tolerant to nickel (Stokes et al 1973). This study found 
that growth rates were sub-maximal in solutions containing 1.5 mglL nickel; some algal 
growth occurred at 3 mglL nickel. In the laboratory, 0.25 mglL nickel solutions had no 
effect on the growth of the cultured isolate (Stokes et al 1973). 
Stokes et al (1 973) established a positive correlation between nickel concentrations in 
water and algae, and between sediment and roots of the water lily Nymphaea. The 
highest concentrations of nickel were found in the algal periphyton which had 20,000 
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times more nickel than in the water. In the vegetation, nickel concentrations uniformly 
exceeded both copper and zinc levels at the contaminated sites. 
A few flowering plants, termed nickel-hyperaccumulators, can sutvive in heavily 
contaminated soils and may accumulate 1% dry weight as nickel (Schlegel et al 1991). 
The oral toxicity of nickel to man is very low. Nickel does not accumulate in human 
tissues and is eliminated via the faeces and urine. 
2.2.2 Stability of Nickel Soecies 
In aquatic ecosystems, the biogeochemical processes that may contribute to the 
removal of nickel from polluted waters include: (1) uptake by vegetation; (2) binding to 
organic matter as organic complexes; (3) adsorption to sediment by cation exchange 
or coprecipitation; (4) the formation of insoluble metal oxidesloxyhydroxides; (5) 
insoluble metal sulphides; and (6), other insoluble metal precipitates. The ability to 
form organic complexes assists nickel removal and retention by organic sedirnents. 
An experiment to measure the maximum binding capacities for ten cations to sphagnum 
peat and sawdust showed that Ni" was one of the more strongly bound ions (Weider 
1990) . The ions are listed below in decreasing order of binding capacity: 
Eger and Lapakko (1989) and Lapakko and Eger (1988) showed that, at a neutral pH, 
peat could remove up to 20 mg Ni per g peat (dry weight). Removal rates were 
reduced at lower pH. 
Boojum Research Limited 
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2.2.3 Nickel AdsorDtion Processes 
The removal of nickel from the aquatic environment is mainly a result of adsorption on 
other metal oxide surfaces (Theis and Richter 1980). Sediments rich in iron hydroxide 
(goethite) and manganese oxide are effective scavengers of heavy metals in the 
aquatic environment (Singh and Subramanian 1984). The adsorption of Ni on goethite 
has been studied under different conditions - pH 4 to 8, concentration of Ni from 
5.87*102 mglL to 5.87 mglL, and temperature from 5°C to 35OC (Bruemmer et al 1988). 
Ni adsorption on MnO, solid has also been studied (Laitinen and Zhou 1988). The 
adsorption was in agreement with the Langrnuir equation and it was found that the 
adsorption increased with pH. reaction time and temperature. 
2.2.4 Nickel PreciDitation Processes 
Precipitation as sulphides under reducing conditions is a further common mechanism 
by which nickel is precipitated in the sediment. Reactor studies (Hammack and 
Edenborn 1992, Dvorak et al 1992) have shown that nickel is effectively removed from 
solutions in batch-reactor conditions into sulphide precipitates. The resulting sulphide 
precipitates are stable over a wide range of pH's and can be expected to trap the nickel 
as long as reducing conditions prevail. 
The nickel sulphide formation may be closely linked to the presence of nickel organic 
complexes since, in nature, metal sulphides commonly exhibit a close association with 
high-molecular-weight organics in fine-grained sediments (Kirchner 1985), and several 
studies suggest that organo-metallic complexes which form in sifu play an important 
role in the transfer of metallic ions to sulphide phases (Nissenbaum and Swaine 1976, 
Lett and Fletcher 1980). 
Nickel may form organic complexes at the bacterial cell surface, then further react with 
microbially produced S-*. Ferris et al (1 987) found microcrystalline millerite (NiS) 
Boojum Research Limited 
Mr i l  20, 1994 
15 
CANMET 
AsMi Final Report 
I 
I 
I 
:I 
I 
1 
I 
1 
1 
I 
1 
I 
I 
I 
1 
1 
associated with bacterial surfaces in a lake sediment contaminated from mine drainage 
near Sudbury, Ontario. Ferris et al (1989) also showed that bacterial biotilms formed 
on slides suspended in lakes accumulated more Ni in neutral conditions than in acidic 
conditions, indicating that an increase in pH may be important in determining Ni 
removal rates. 
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Six days after adding the 6.11 water (May 10, 1993), 5 g of potato waste was added 
to R2 and R3, and alfalfa pellets (55 mL or 31.5 g) were added to R4 and R5. At the 
same time, glass jars 1 and 2 were set up as controls with 760 mL 6.11 water and no 
sediment. Jar 1 was amended with 5 g potato waste and Jar 2 was amended with 55 
mL alfalfa pellets. All the reactor cylinders and jars were tightly sealed. 
3.2.2 1994 Laboratorv Reactors 
The sediment contained in the 1993 reactors was used in sequential extractions to 
determine the form of the As and Ni which had accumulated in the sediment. The 
same reactors were washed and reused to set up the 1994 experiment; the set-up of 
the reactors was identical to the experiments carried out in 1993. 
900 rnL of sediment collected at the BT-2 250 m section of the transect, and 900 mL 
of 6.11 seepage water was added carefully by siphoning to minimize sediment 
disturbance. Glass jars were set up with 6.11 water (900 mL) to which no sediment 
was added. The slightly milky appearance of the seepage water in the reactor is 
depicted in Plate 3; the reactor shown is following set-up with 5 g of potato waste 
(McCain Foods) after a 24 h settling period. Potato waste was added to the top of the 
water and reached the sediment surface within 1 hour. 
The sediment in the reactors received the following treatments: 
A. Reactors 1,2,3,7,8 & 9 - no further treatment 
B. Reactors 4,5& 6 - replace 500 mL of the water column weekly, 
simulating continuous flow of the seepage in the 
"field" 
C. Jar 1 & 3 - no further treatment 
D. Jar 2 - replace 500 mL of the water column weekly 
Emoium Research LknRed 
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3.3 Monitoring and Analytical Methods 
Water was drawn from the sediment with a syringe while seepage water was carefully 
replaced from above to minimize or avoid sediment disturbance. The following 
parameters were monitored: 
PH acidity 
Em alkalinity 
conductivity NO3 
Ni 
As 
Fe 
The pH was measured with a Canlab probe and Jenco meter, Em with Fisher probes 
and Corning Model 103 meter, and conductivity with an Orion 140 meter and probe. 
Em values were converted to Eh values by means of the formula: 
Eh (mv) = Em (mv) + (241 - 0.66(T-25)) 
where T is the measured temperature ("C). Acidity was determined by titration against 
NaOH with a Metrohm 702 SM Titrino autotitrator. Nickel was determined with a 
colorimetric test (Rollet's dimethylglyoxime complexation) and reading absorbance at 
445 nm. Arsenic was measured with the Merck Merckoquant strip test which measures 
the reaction between hydrogen arsenide gas and mercury(+2) bromide. Iron was 
determined by a phenanthroline test (absorbance at 510 nm) and NO,-N with a Hach 
cadmium reduction (absorbance at 545 nm). For the colorimetric tests, a Bausch and 
Lomb Spectronic 70 spectrophotometer was employed. 
The colorimetrically-determined concentrations were compared to those determined by 
ICP (Inductively Coupled Plasma Spectrophotometry). These analyses are carried out 
by a certified laboratory in Toronto; the laboratory's QNQC procedures are given in 
Appendix 7. For the seepage water which was treated, the agreement between the 
colorirnetric concentrations and those determined by ICP were reasonable, but nickel 
concentrations in the solutions derived from the sequential sediment extraction were 
unacceptable due to interference. Therefore, all Ni concentrations in solutions from the 
sequential sediment extractions were determined by ICP. 
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3.4 Sediment Sampling in the 1993 Reactors 
After 35 weeks (Janualy 10, 1994) of operation the sediments were sampled. The 
water overlying the sediments in the reactors was syphoned carefully not to disturb the 
sediment. The seepage water overlying the sediments in the reactors was referred to 
as the Top water sample. Water filtered from the top and middle layers of the 
sediments was referred to as the Middle water sample. Water filtered from the bottom 
sediments was referred to as the Bottom water sample. 
Sediments in the reactors were divided into three layers -the top 1 cm was referred to 
as the top sediment sample of the reactors while the 5 cm section of sediment 
immediately below it was referred to as the middle sediment sample. The remaining 
sediment below this was referred to as the bottom sediment sample. 
Each layer of sediment was collected with a spoon and filtered immediately. The pore 
water derived in this manner was used to quickly measure Em, pH and electrical 
conductivity. 
All of the pore water samples were purged with N, gas, sealed in plastic bottles and 
refrigerated (4°C). ICP analysis was carried out within 48 h of removal from the 
sediment. Concentrations of sulphide and sulphate were determined in the pore water. 
Each of the sediment layers were well mixed and then separated into two portions. 
One portion was sealed under nitrogen gas and kept in the refrigerator (4OC) for 
sequential extraction analysis. One portion was used for measurement of wet volume, 
dry weight and loss on ignition (LOI), a measure of the organic content of the material. 
The sequential analysis of sediment is designed to determine: (1) the form of metal 
deposit in the sediment, and (2) the stability of the various As and Ni precipitates. 
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The sequential extractants are referred to in previous metal extraction studies 
(Salomons and Forstner 1984, Bupp and Ghosh 1991, Henrot and Wieder 1990). The 
extraction steps are: 
1M KNO, solution for exchangeable metals, solidlsolution ratio 150, 2 hours 
shaking. 
0.1 M Na,P,O, + 0.01 N EDTA solution for organically-bound metals, solidlsolution 
ratio 150, 24 hours shaking. 
1 M ammonium acetate solution (pH=5) for metal carbonate, solidlsolution ratio 
1:50, 5 hours shaking. 
concentrated HNO, solution for other metal precipitates (arsenates, hydroxides 
and sulphides), solidlsolution ratio 150, 2 hours heating at 120°C. 
Sequential Extraction of 'Spiked' Sediments 
To test the applicability of the sequential extraction method to the sedirnents and 
determine the reliability of the colorimetric tests as monitoring tools for the experiment, 
extractions were carried out with sediments spiked with precipitates. The proposed As 
and Ni precipitates were synthesized as described below and mixed with the sediment; 
this allowed for an assessment of the effectiveness of the extraction method with 
respect to the relevant elements which were removed from the seepage water in the 
reactors. 
BT-2 250 sediment (collected in 1993) was used to adsorb all the precipitates in the 
spike experiment. The sediment moisture was measured by drying the sediments at 
104OC in an oven for 24 hours (Clesceri et al 1989). 
In the reactors, to which seepage water was added, the concentrations of As and Ni 
were reported as 50 mglL and 82 mglL respectively. The total volume of seepage 
water added to the reactors was 700 mL which resulted in a total quantity of As and Ni 
(precipitated or adsorbed onto the sediments) of about 35 mg and 57.4 mg respectively. 
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To precipitate the total loading of As and Ni added to the reactors, it required 26 mg 
of Fe and 121.3 mg Na,CO,.H,O or 234.7 mg Na,S.9H2O. 
In order to run the spike experiment within a similar concentration range, precipitate 
was produced in solutions which considered concentrations of reagents in 
stoichiometric proportions to achieve the desired concentration range of total As and 
Ni. 
Sediment was prepared once to produce a combination of iron arsenate precipitate and 
nickel carbonate, referred to as sample #2, while a second combination produced a 
sediment spiked with iron arsenate and nickel sulphide, referred to as sample #3 . For 
each preparation 20 g of the wet sedirnents were used. Sample #I sediment was used 
as a control with no precipitates added. 
To make precipitates of FeAsO, and NiCO,, a solution consisting of 98.6 mg Na,AsO, 
(22.2 mg As) and 260 mg NiSO,.GH,O (58 rng Ni) was prepared and added to the 
sediments in 20 mL distilled water. A second solution containing 167 mg FeCI,.GH,O 
and 119 mg Na,CO, solutions was prepared in 10 mL distilled water and slowly 
dropped into the slurry of the sediment. Thus in the sediment, the respective 
precipitates were expected to form (sample #2). Finally, the pH was adjusted to 6.35 
by dilute NaOH or H,SO, solutions, and the slurry was allowed to settle for 1 hour. 
To form the combination of FeAsO, and NiS precipitates (sample #3), solutions of 93 
mg Na,AsO, (20.5 mg As) and 266 mg NiSO4.6H,O (59.4 mg Ni) were dissolved in 20 
mL distilled water and added to the sediments. This was followed by adding a solution 
of 158 mg FeCI, and 205 mg Na,S dissolved in 10 ml of distilled water to the sediment. 
The sediment changed colour to a dark black and the pH was adjusted with 1 N NaOH 
to 6.30. 
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Afler the sediments and their respective precipitates settled for one hour, the sediments 
were filtered with a 0.45 pm filter paper. Before each extraction, the sediments were 
rinsed twice with 50 mL distilled water to wash away the remaining extractants. The 
washing water was combined with the extraction solutions to give a total volume of 150 
mL. The sequential extractions, as described above, were carried out on the washed 
sediments. 
Solutions derived from each extraction were assayed using the colorimetric methods 
to determine the concentrations of iron, arsenic and nickel which were released from 
the sediment during the extractions. 
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4.1 1993 Experiment - Arsenic and Nickel Forms in Sediments 
In the 1993 reactors, where arsenic and nickel was removed from the seepage water 
to the sediment, a known amount of both contaminants can be expected when the 
sediments are extracted. Through (a) destructive sampling of these reactors, (b) 
analysis of the pore water collected from different depths, and (c) analysis of the 
sediment in the reactors, estimates can be derived as to the fraction of the 
contaminants removed by the sediments. The pore water concentrations are those 
which are potentially available to diffuse throughout the sediment layers and to the 
water column. The results from the pore water analysis are presented in Section 4.1.1. 
The chemical form in which the contaminants are present in the sediment can be 
determined through their extractability using sequential extractions; exchangeable 
metals are recovered in the first extraction with potassium nitrate, followed by the 
extraction of organically-bound metals with a sodium diphosphate and EDTA solution 
in the second step. The third extraction is carried out with ammonium acetate, which 
recovers carbonate precipitates formed in the sediment, and finally a hot nitric acid 
extraction is employed to recover all remaining metals not bound in a silicate matrix. 
Although the sequential extraction steps will provide good estimates as to the form of 
metals bound to the sediment, it can not be expected that a complete recovery of all 
precipitates formed in the sediments is possible with such an extraction process. Each 
extraction step will have its own methodological error as well as an analytical error. 
Thus, in order to assess the ability of the procedure to allow for accurate quantification 
of the extracted fractions, a spiked sediment extraction was carried out. 
The results of the spiked sediment extraction are presented in Section 4.1.2., and the 
sequential extractions carried out on the top 1 cm layer of the sediments in the reactors 
are presented in Section 4.1.3. 
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4.1.1 Seeoaae Water and Sediment Pore Water Analysis 
Laboratory measurements of pH, Eh and conductivity of the reactor seepage water 
overlying the sediments, and pore water derived from filtrations of the sediments are 
summarized in Table 1. The Top layer refers to the treated seepage water overlying 
the sediments, the Middle layer to the pore water derived from a combination of the top 
and middle layers of the sediment, and the Bottom layer to the pore water derived from 
the lower part of the sediment. Also included in Table 1 are the concentrations of As, 
Ni, Fe, P, sulphate and hydrogen determined by the assay laboratory. 
Table 1 : 1993 Reactor Experiment - Chemistry of Water Overlying Sediment 
& Sediment Pore Water after 35 Weeks of Operation, Jan. 10,1994 
EACTOR Layers I PH I Eh I Cond. 
(mv) (umhoslcm 
R-1 TOP I 4.31 I 518 I 474 
Control Middle 5.17 402 477 
Bottom 5.32 201 393 
R-2 TOP 6.44 221 470 
Potato Middle 6.53 173 393 
Potato 
Waste Bottom 
Aralfa 
7.48 
Pellets Bottom I 7.02 I 106 
R-5 TOP I 7.33 I 167 
268 
376 
328 
31 8 
3650 
3860 
4030 
3890 
Alfalfa Middle I 7.47 I 96 I 3910 
Pellets Bottom 7.16 101 4100 
6.11 Water* I 4.41 I 208 I 1541 
assayed by SRC on Aug. 14, 1993 
n.d. = not determined 
Note: all parameters measured at room temperature (20-21 C) 
- 
As 
(mgR) 
11 
7 
3.5 
3 
6 
3 
0.7 
6 
3 
3 
4.5 
5.5 
3 
3 
3.5 
39.6 
- 
- 
- 
- 
- 
- 
=r_ 
Fe 
(mN-1 =
0.034 
0.038 
0.056 
0.266 
0.177 
0.581 
0.094 
0.161 
1.45 
0.488 
0.778 
1.21 
0.176 
0.132 
0.368 
0.48 
-
-
- 
-
= -
- 
Ni 
(mg/L) -
7.85 
5.17 
1.82 
0.66 
1.41 
0.18 
0.28 
1.36 
0.37 
0.46 
0.43 
0.53 
0.33 
0.6 
0.63 
61.0 
-
- 
- 
-
- - 
P I  HS I SO4 
1.56 <0.01 84.4 
1.19 co.01 44.9 
0.68 cO.01 12.5 
0.78 c0.01 47.8 
0.76 0.01 21.9 
<0.01 12.4 
6.97 0.17 4.93 
7.47 0.05 4.62 
7.66 <0.01 5.81 
6.01 4 0 1  
7.31 cO.01 23.9 
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To determine the fractionation of the contaminants between pore water (mobile 
fractions) and sediments, the calculations have to be based on the pore water 
concentrations. This is the potentially mobile fraction which can move out of the 
sediment and become available for release into the water column. The results obtained 
from the analysis of the seepage water overlying the sediment and the pore water are 
briefly discussed for each reactor below. 
R I  (no organic amendment to sediment): It is evident that pH values for R I  (6.11 
seepage water and E-6 sediment) were lower than those of the other reactors. 
However, they were much higher than the seepage water added at the start of the 
experiment (pH 4.41). In this reactor, redox potential (Eh) was much higher in the top 
samples (+518 mv) than in the middle (+402 mV) or bottom samples (+201 mv) where 
more reducing conditions prevailed. The pH was higher at the bottom of the reactor 
(pH 5.32) than in the middle (pH 5.17) or top (pH 4.31) indicating that alkalinity 
generating processes, such as denitrification, iron reduction and sulphate reduction 
have taken place. The lower conductivity in the bottom sample (393 pmhoslcm 
compared to 477 pmhos/cm in the middle and 474 pmhoslcm at the top) suggests that 
precipitation or other ion removal processes have occurred or that ions have been 
removed from the seepage water before it reaches this zone. The chemistry data 
(Table 1) indicates that concentrations of As and Ni were substantially lower at the 
bottom (3.5 mglL and 1.82 mglL) than at the surface (11 mglL and 7.85 mglL). In 
contrast, iron concentrations were highest in the bottom sample (0.056 mglL compared 
to 0.034 mglL for the surface sample). 
R2 and R3 (with potato waste): The water from these reactors had a higher pH (6.44 
and 6.35 for surface samples) and lower Eh (221 mV and 223 rnV for surface samples) 
than the control reactor (pH 4.31 and Eh 518 mv). The fermentation of the potato 
waste can result in development of more reducing conditions than with the sediment 
alone. This in turn results in promotion of alkalinity generating anaerobic processes. 
There was no clear difference in pH between top and bottom samples but as observed 
for RI ,  the Eh and conductivity were lower at the bottom of the reactors. There were 
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no substantial differences in top and bottom samples for As and Ni. Iron concentrations 
were higher in the bottom samples (0.58 mglL and 1.45 mglL for R2 and R3 
respectively) than the top samples (0.27 mglL and 0.09 mglL for R2 and R3 
respectively) indicating that iron (111) reduction and dissolution may have taken place 
here in reducing conditions. Overall, conductivity was lower than in the control reactor 
(Rl) indicating the enhancement of metal removal processes by the potato waste. 
R4 and R5 (with alfalfa pellets): The pH of reactors with alfalfa pellets was higher 
and the Eh lower in the top, middle and bottom layers of R4 and R5 than both that of 
the control (Rl) and the potato waste reactors (R2 and R3). The conductivity was an 
order of magnitude higher than in the other reactors (approximately 4000 pmhoslcm 
compared to approximately 400 pmhoslcm). In R4, arsenic concentrations were higher 
at the bottom (5.5 mglL) than at the top (3 mglL) whereas in R5 they were consistent 
throughout (3 mg/L to 3.5 rng/L). Iron concentrations increased with depth from 0.49 
mglL (R4) and 0.18 mglL (R5) at the surface to 1.21 mglL (R4) and 0.37 mglL (R5) at 
the bottom. Sulphide was detected in R4 sediments but not in any of the other 
reactors. This sulphide was associated with the lowest Eh values and may indicate the 
occurrence of sulphate reduction and subsequent precipitation of metal sulphides. Very 
high phosphate concentrations (2.5 to 7.3 mglL) were found in the alfalfa pellet 
reactors. 
Comparison of the pore water Concentrations of all the reported elements clearly 
indicates that changes have taken place. For example, the highest concentration of As 
in the pore water was reported as 1 1  mglL in the control reactor (Rl), but the seepage 
water contained 39.6 mg/L of As. In all other reactors, where organic amendments 
were added to stimulate microbial activity, the concentrations of As in the pore water 
were lower ranging between 3 mglL to 5 mglL. Similar trends are seen for Ni in that 
the control reactors had the highest pore water concentrations with 7.8 mglL in the 
surface water, but considerably lower concentrations were noted (0.3 mglL to 1.4 mg/L) 
in sediments of reactors with organic amendments. 
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For the nutrient phosphate, the conditions were reversed as expected, since no 
additions of phosphate-rich organic amendments were made to the control reactors. 
Here the control had the lowest concentration of P at 0.25 mglL (top sample), followed 
by the potato waste reactors (R2 and R3) with concentrations of 0.8 mglL to 1.6 mglL 
in the surface layer. The alfalfa-pellet amended reactors (R4 and R5) had the highest 
P concentrations with 6.0 mglL to 7.0 mglL in the surface layer. 
The fact that sulphide reduction can take place in the presence of alfalfa pellets is 
indicated by the presence of sulphide in R4 and also the reduced concentrations of 
sulphate in sediments at the bottom of reactors. The highest sulphate concentrations 
are present in the control reactor sediments with 235 mglL in the surface sample. In 
the potato waste amended reactors (R2 and R3)  a reduction to 47.8 mg/L and 84.4 
mglL at the surface and lower in the lower layers of the reactors was observed. In R4 
(alfalfa-pellet amended) the lowest sulphate concentrations are reported with 4.9 mglL 
at the surface where concurrently HS concentrations are noted. In order to detect 
hydrogen sulphide in the pore water, the availability of metals to react with the sulphide 
must be low. This is suggested by the relatively low Ni concentrations in R4, where the 
highest hydrogen sulphide concentrations are reported. The pore water data strongly 
indicate, that the sediments are instrumental in changing the chemical composition of 
the seepage water. 
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4.1.2 Seauential Extraction Effectiveness and Specificitv 
Sediments were spiked with precipitates of FeAsO, and NiCO, to produce one 
combination, called sample #2, and a second combination was made by spiking 
sediment with FeAsO, and NiS, called sample #3. Sample #1 was the original 
sediment without a spike. 
The results from the spike sequential extractions are summarized in Table 2a for As, 
Table 26 for Ni, and Table 2c for Fe. All data determined in the experiment, including 
data required for the calculations to arrive at summary Table 2 are given in Appendix 
Table AI.  
Metal concentrations in the original solution and in each extraction were measured. 
The total extracted metal values in each solution were calculated by multiplying the 
assays by the solution volume. The percentages of extracted metals in each extraction 
were determined by comparison with the total extracted metal value. In Table 2, the 
final column "total measured %" is the sum of all the measured amounts divided by the 
original added amount. 
The As present in the original sediment is bound mainly as organic complexes, as this 
was the only extraction in which As was detected (Table 2a). For Ni, fractions are 
present in the sediment as exchangeable Ni, organically-bound Ni, and Ni in a mineral 
form, while no Ni is present as a carbonate (Table 2b). For Fe, the original sediment 
does not contain exchangeable iron. A large fraction of Fe is organically-bound, 
followed by mineral forms (Table 2c); no other forms of Fe exist in the sediment. 
Sample #2 was spiked with iron arsenate and nickel carbonate to concentrations of 
known amounts. With these extractions it is possible to examine the behaviour of these 
precipitates in the selective extractions. Sample #2 for As indicates that the largest 
fraction is organically-bound, followed by some recovery as a carbonate but none in the 
exchangeable form or the mineral phase. For Ni, the results are different as a large 
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Table 2: Spike Extraction Data 
a. 
* .,. 
dote: tot.M(mg) = [M](mg/L) *vol.(mL)/1000 
X M extracted = tot.M/tot.M(extract orig. + extract1 + extract2 + extract3 + extract4) 
where: M = As. Ni. Fe 
fraction remained in the pore water, not bound in any form to the sediment. The 
second largest fraction was the organically- bound, while some fraction was present in 
the exchangeable phase; none of the Ni was extracted in the mineral form. The Fe 
results were very comparable to the original sediment in that most was organic, none 
exchangeable, and some present as carbonates and in the mineral form. 
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Sample #3 contained iron arsenate together with nickel sulphide. For arsenic, one 
would expect very similar results to sediment sample #2 unless the formation of nickel 
sulphide changes surface charges in the sediment thereby facilitating different 
adsorptions for the arsenic forms. This indeed seems to be the case, as lower 
recoveries were reported in the pore water solutions than in sample #2; this was also 
the case for the carbonate extractions which reported lower "% recoveries" than in 
sample #I. In the presence of nickel sulphide, the largest fraction of As is organically- 
bound in the sediment while none is present in the mineral extraction. 
For Ni, the distribution of the forms changes drastically, in that very low fractions remain 
in the original pore water. The largest fraction is present as extractable Ni followed by 
organically-bound Ni in the sediment. The two last extractions - carbonate and mineral 
forms - yielded no nickel. 
Nickel concentrations in sample # s  2 and 3 display a different distribution in five 
solutions. Sample #2 contains synthesized NiCO, precipitates. Sample #3 contains 
synthesized NiS precipitates. The sequential extraction analysis shows that, for NCO,, 
almost 40 % of Ni remained in solution, while for sample #3 only 1.3 % was measured 
in the original solution. Most of the nickel was adsorbed as organic complexes onto the 
sediment in both samples. For NiS, 3.6 % and 1.2 % of the measured Ni was present 
in the 3rd and 4th extractions respectively; these are the weak-acid-soluble or mineral- 
stable precipitates (most likely NiS). 
In the presence of nickel sulphide, Fe concentrations in the original pore water were 
the highest of all three samples, which might suggest that some FeS had also been 
formed in the sediment. None of the iron was in the exchangeable form, which was 
consistent with all the previous extractions. The largest fraction was, again, organically- 
bound Fe followed by extracted fractions as carbonate an in the mineral phase 
(although very little). 
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In summary, the spiked sediment extractions suggest that, for As, the presence of 
sulphide reduction produces a larger fraction of organically-bound As, while for Ni the 
presence of sulphide suggests a shift towards exchangeable Ni forms. Iron is mainly 
present in the organically-bound form, which is essential to the microbially-driven 
sediment contaminant removal process. 
In Table 3, the concentrations of As , Ni and Fe determined colorimetrically in the 
laboratory are compared to concentrations determined by ICP in the same solutions 
recovered from the sequential extractions. In-house colorimetric determinations were 
required due to time limitationss (given the large set of analyses required to complete 
the examination of the reactors) and economic constraints. 
Table 3: Comparison of Boojum and EPL Data 
Comparing the reported elements for both analyses with respect to concentrations and 
total measured %, it is evident that the results for iron and arsenic are in good 
agreement and acceptable. However, the nickel determinations show large deviations 
in concentrations between the two laboratories. 
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In summary, the laboratory measurements of arsenic and iron are similar to those 
determined by ICP. For higher concentrations, the differences between the analyses 
are somewhat larger, as the colorimetric determinations have to go through several 
dilution factors. 
With respect to the effectiveness of the sequential extractions, it can be concluded, 
based on the summary of the total measured concentrations from the spiked sediment 
extractions, that As can be accounted for in the range of 73 % to 95 %. Nickel 
determined by ICP is accounted for between 86% and >100 % (some of the Ni was 
extracted from the original sediment in addition to the spiked concentrations added). 
The methods yield reliable results on which conclusions can be based with respect to 
the sediment's capacity to act as an environmental sink for both Ni and As. 
4.1.3 1993 Reactor Sediment Extraction Test 
The first series of sequential extractions on the reactors were carried out on the top 
samples of the sediments. The top layer of the sediments (about 1 cm thick) can be 
expected to have the largest component of accumulated As and Ni from the treated 
seepage water. The summary results for As, Ni, and Fe are given in Table 4. All 
analytical results are presented in Appendix Tables A3a and A3b with a detailed 
explanation of the calculations for the approach taken. Table 5 presents a summary 
of the mass balance in the reactors. 
Arsenic 
The sum of all measured As amounts (last column in Table 5) are low; they are only 
22 YO to 38 YO of the total As content in the R2 to R5 columns. However in R I ,  the 
control column, the measured As amount is 117% of total estimated original As. The 
difference is probably caused by the distribution of As in the reactor sediments. 
hojum Research Limbd 
April 20, IQ94 
36 
CANMET 
AsNi Final Report 
I 
I 
I Table 4: Extraction of As, Ni, and Fe in top 1 cm of Sediment in Reactors 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Table 5: Mass Balance of As, Ni, and Fe in Reactors 
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The pore water data show that As is mostly concentrated in the top water in RI, 
therefore the surface sediment should contain more as. In the pore water of the R2 to 
R5 reactors, the As concentrations increased with depth. This indicates that As may 
be more concentrated in lower layers of sediments. 
Since only the top layers of sediments were used in the extraction experiment, and the 
calculated total As amounts in the sediments were based on the top sediment values, 
the measured As amounts are lower than the real values. In most reactors As was 
concentrated in the sediments (78.7 % to 86.6 %). Reactor R4 sediment only 
contained 58.2 % of the total As, the reason probably being that most As in the lower 
layers was not detected. 
In all reactors, none of assayed As in the sediments was in the ion-exchangeable form 
(1st extraction) or in the least soluble form (4th extraction), as shown in Figure 4. All 
the As found was in the form of organic complexes and weak-acid-soluble forms. 
In R I  sediment, 84.3 % of As (Table 4) was adsorbed as organic complexes, while the 
rest was extracted as weak-acid-soluble precipitates. In reactors R2 to R5, the As 
organic complexes ranged from 73.5 % to 43.2 % in the sediments. The weak-acid- 
soluble form increased from 8.8 % to 26.9 %. This indicates that the as has moved into 
relatively stable precipitate forms. 
Nickel 
The final Ni "accounted for" amounted to about 50 % to 100 % of the feed Ni in 
reactors R I ,  R4, and R5. In reactors R2 and R3 (potato waste as substrate) the 
"accounted for" Ni was higher than the original content. The Ni was concentrated in 
the sediments, especially in the R2 to R5 reactors (Figure 5). 
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Fig 4: Reactor sediments 
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Nickel was detected in all four extraction fractions. The adsorbed Ni indicated by the 
first extraction fraction was less in R4 and R5 reactors (alfalfa as substrate). The 
percentage of Ni in organic complexes was similar in all reactors (Figure 5). Nickel 
formed weak-acid-soluble and strong-stable precipitates only in reactors R2 to R5. 
- Iron 
As the initial Fe concentration in 6.1 1 water was very low, most of the extracted Fe was 
from the original sediments therefore no original amount of Fe was estimated. In Table 
A3b, the "accounted for" Fe contents are listed. The values from reactors R I ,  R2 and 
R5 are very close and indicate that the calculations are rational. The R3 and R4 
bottom pore water samples had relatively high Fe concentrations, therefore it was 
expected that the bottom sediment samples would have the highest Fe concentrations. 
This, however, was not the case. 
The extraction data showed that over 99 % of the Fe was in the sediment, and almost 
none was ion-exchangeable. In R I ,  87.8 % of the Fe was organically-complexed and 
about 12.2 % was in the form of weak-or-strong-acid-soluble precipitates (Figure 6). 
This is consistent with the spike experiment. 
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Fig 6: Reactor sediments 
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In the R2 to R5 reactors, the amount of organically-complexed Fe decreased to 24 % 
to 70 Yo, while the acid-extractable precipitates increased to 29 % to 75 %. Most of the 
Fe precipitates were in the stable form and only concentrated nitric acid could dissolve 
it (Figure 6). 
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This experiment was designed to test the capacity of muskeg sediment to treat a 
seasonal seepage from the waste rock pile. 
Measurements made on the water columns of the reactors after set-up but prior to 
addition of potato waste are shown in Table 6. The initial readings for the columns 
indicate that the water chemistry is similar to that of the seepage water. Mixing with 
sediment pore water results in an elevated pH (4.3 to 5.0 compared to 3.85 for 6.11 
water) and reduced conductivity (1 155 pmhoslcm to 1262 pmhos/cm compared to 1386 
pmhos/cm for the seepage water) and Eh (367 mV to 445 mV for column water and 
522 mV for the seepage water). 
After 4 to 5 days of incubation with potato waste, samples from all reactors and jars 
were analyzed together with the added seepage water and sediment pore water. The 
data is shown in Table 7. By this time, dramatic changes in the Eh had occurred in 
some of the columns due to the hydrolysis and fermentation of potato waste. In 5 of 
the 9 reactors, reducing conditions had established negative Eh values. The 
fermentation of potato waste was reflected in the increased acidity in the reactors with 
low Eh values. Under these conditions, denitritication had commenced as indicated by 
lower NO,-N concentrations compared to the seepage water. Also, the reducing 
conditions were responsible for the appearance of dissolved iron in solution. There was 
no detectable dissolved iron in 6.1 1 water. In general, the lower the Eh value for the 
reactor column, the higher the iron concentration. Arsenic concentrations were 
consistently lower in the reactor columns than in the seepage water. Nickel 
concentrations were somewhat lower in the reactors than in the seepage water. The 
lower values in the reactors with the lowest Eh values indicates that some precipitation 
may already be occurring in reducing conditions. 
The chemistry of water samples from the controls (seepage water and potato waste) 
was very similar to that of 6.1 1 water. There was no clear indication that hydrolysis 
Boojum Research Limited 
npril20,1994 
42 
CANMET 
AdN Final Report 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
Table 6: Sediment Treatment Capacity Reactors, 
Chemistry after 24 h. 
- 
Reactor I pH I Eh I Cond. I Temp. 
I (mv) I(umhos/cm)l (C) 
1 I 4.97 I 432 I 1155 I 21.3 
4.39 
4.44 
4.36 
4.5 368 
4.36 409 
1195 
1221 21.7 
1237 
1237 21.7 
1163 20.3 
1 262 
Table 7: Sediment Treatment Capacity Reactors, Chemistry after 96 h. 
Reactor 
1 
2 
3 
4 
5 
6 
7 
9 
jar 1 
jar 2 
jar 3 
a 
6.1 1 
- 
PH 
- 
4.81 
4.87 
4.69 
4.76 
4.59 
4.62 
4.54 
4.49 
4.41 
4.04 
4.03 
3.98 
3.85 -
Sediment 5.68 
BT 2 Stn 250 
- 
Eh 
278 
257 
299 
31 9 
1 46 
0 
-272 
-272 
-72 
-243 
469 
47 1 
469 
522 
173 
-
*(mg/L) equivalent of CaC03 
Cond. I Temp. 
'um hos/cm + 
1334 20.7 
20.7 
1384 20.9 
1570 
1568 
1587 20.5 
1386 21.6 
196 20.9 
2.8 
2.6 
5.44 
50 2.3 
4.28 45 
50 
0.37 
0.38 
0.24 
3.83 
a5 
a5 
a5 
- 
Ni 
- 
51 .a 
48.4 
61.3 
56.1 
77 
37.2 
59.6 
35 
48.4 
62.2 
69.9 
72.5 
58.7 
- 
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and fermentation of potato waste had commenced. The presence of sediment factors 
is clearly important for the rapid commencement of potato decomposition, the 
establishment of reducing conditions, and the removal of nitrate, arsenic and nickel ions 
from solution. 
The reactors were sampled weekly after the first sampling. The data are summarized 
in Figures 7 to 18. The data for individual jars is shown in Appendix Table A4. 
- Eh 
By the second sampling (10 days after set-up), negative Eh values were established 
in all reactors. For 7 of the 9 reactors and all the jars, Eh was -190 mV or less as 
shown in Figure 7. At the next reading (17 days after set-up), there had been an 
increase in Eh with only one of the reactors maintaining a negative value. The Eh of 
the jars was generally lower than for the reactors at this sampling and all remained 
negative. The upward trend was maintained for the following sample (26 days) but 
then the values declined again in both the reactors and jars. 
At 40 days, negative values were found for all 6 of the unchanged reactors (range of - 
102 mV to -74 mv). Values for the 'recharged' reactors were a little higher (+3 mV to 
+5 mv). The removal of organic acids in these reactors has reduced the capacity to 
generate reducing conditions. The jars exhibited low, positive Eh values (+48 mV to 
+86 mv). There was no clear difference in Eh values between the reactors and the jar 
with weekly water changes (reactors 4-6, jar 2) and the other reactors. 
A m  
The seepage water had an acidity of 107 mglL (equiv. CaCO,). Acidity increase for the 
first two measurements is largely attributable to hydrolysis and fermentation of potato 
waste to volatile fatty acids as similar values were found in reactors and jars (187 mglL 
to 508 mglL by day 12). After this time, acidlty declined in the 're-charged' reactors 
and jars due to dilution of potato waste decomposition products (Figure 8). In the 
'unchanged' reactors, acidity also declined from the first measurement to 59-97 mglL 
Emjum Research Mied 
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Fig. 7: Reactor water column 
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Fig 8: Reactor water column 
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at day 40. By this time, 250-300 mglL of acidity had been consumed in both 
unchanged reactors and unchanged jars. 
&! 
The seepage water had a pH of 3.95. The first readings at 10 days showed little 
change (pH 4.31 to 4.87 in reactors and pH 4.75 to 5.55 in jars). There was a steady 
rise in pH from the second sample onwards for all reactors to around pH 6-6.5 by day 
40 (Figure 9). In other words, the 'recharge' reactors exhibited the same pH rise as the 
'unchanged' reactors. There was a similar pH rise in the jars. 
Conductivitv 
For reactors not receiving 'fresh seepage water, there was a fairly steady decline in 
conductivity through the course of the experiment from around 1300 pmhos/cm to 
around 960 pmhoslcm (Figure 10). This decrease was not apparent in the control jars. 
Initially, the conductivity was considerably higher in these jars compared to the reactors 
(around 1600 pmhoslcm). Thereafter, values were steady at around 1300 pmhoslcm. 
The reactors receiving 'fresh' seepage water weekly exhibited an initial decline in 
conductivity between the first two readings, comparable to that observed for the other 
reactors. Thereafter, values were steady at around 1150 pmhoslcm. 
Nickel 
The nickel concentration in the reactors was generally lower (25-61 mg/L) than the 
control jars (60-70 mglL) at the first sampling (4 to 5 days), attributable to dilution by 
sediment water in the reactors (Figure 11). In contrast, in the reactors with no further 
additions of seepage water, there was a decline to approximately 20 mglL at day 26 
after which the concentration remained steady. Nickel concentration in the control jars 
remained more or less constant throughout the course of the experiment. 
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Fig. 9: Reactor water column 
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Arsenic 
The seepage water contained 90 mg/L dissolved arsenic (Figure 12). By the first 
reading (10 days), the As concentration had dropped to 50 mg/L. Much of this change 
is attributable to dilution by water in the sediment, although removal by other means 
cannot be discounted. 
In the jars, there was no decline in As concentration over the course of the 
measurements. After this time, the As concentration in the reactors without water 
change declined to a mean value of 10 mglL by 40 days from 50 mg/L at 4 to 5 days. 
lrOn 
There was an increase in iron in both jars and reactors (Figure 13). The Fe in the jars 
is released from the potato waste as it decomposes. The maximum concentration 
observed was around 4 mglL. The concentration was lower in the 'recharged' jar due 
to removal at the time of water change. In the 'no change' reactors, Fe concentration 
rose to a mean of 16.5 mg/L. The dramatic dip at 33 days may be due to settling of 
weakly-suspended solids. Iron in the reactors came both from the potato waste and 
the sediments. 
Nitrate-N 
There was a dramatic decline in nitrate-N concentrations in all reactors and jars from 
day 5 to day 12 (Figure 14). Thereafter, the decline continued in reactors until day 40 
when concentrations were 0.13 mglL or less for the 'unchanged' reactors and 0.49 
mglL or less for the 'recharged' reactors. For the 'unchanged' jars, there was a 
substantial increase in nitrate-N from day 12 to day 19 followed by a decline to < 0.5 
mglL by day 40. 
Ammonium-N 
There was a steady decline in ammonium-N in all reactors and jars to day 26, after 
which values recovered to near initial values (Figure 15). There was no clear effect of 
'recharging' with 6.1 1 water on the ammonium-N concentration. 
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Phosphate 
Phosphate-P concentrations were higher in reactors than in jars up to 26 days, 
presumably due to release from the sediments (Figure 16). Overall there was a steady 
decline in phosphate-P concentrations in all reactors to 4-6 mglL and control jars until 
day 33. From this time to day 40, concentrations were steady in both reactors and 
control jars. 
Overall 
The data for the unchanged control jars shows the effects of potato waste on seepage 
water. The early decline in Eh and establishment of reducing conditions is associated 
with the decomposition of potato waste and probable release of volatile fatty acids 
which contributes to the increase in acidity. The reducing conditions thus established 
support the reduction of nitrate (denitrification) and iron. The removal of phosphate and 
ammonium may be due in part to uptake by microorganisms. The lack of arsenic and 
nickel removal are attributable to a lack of ferric and sulphide ions respectively for 
precipitation andlor surface sites for adsorption processes. The steady conductivity in 
the jars suggests little overall removal of ions from solution. 
In contrast to the jars, there was a steady reduction in conductivity in the reactors 
indicating a net removal of ions from solution. The drop in Eh and rise in acidity 
exhibited a similar. pattern to that of the jars. The removal of nitrate, ammonium and 
phosphate was also similar. Iron concentrations were much higher in the reactors, 
undoubtedly due to reduction and dissolution of iron from the sediments. Iron reduction 
inhibits sulphate reduction if ferrous iron is present (Lovley and Phillips 1987). 
Therefore sulphate reduction may not have occurred. In some reactors, Eh values 
were lower at the initial reading (4-5 days) than the theoretical maximum value (-220 
mv) at the initial reading at which sulphate reduction occurs (Zehnder and Stumm 
1988). The removal of approximately 70 YO of the Ni from solution before a steady 
state was achieved is interesting. If nickel is removed as a sulphide precipitate, 
sulphate reduction must occur for generation of sulphide. This may have occurred early 
on. Some removal by adsorption processes is possible. However, the available sites 
would likely be tilled within hours of set-up as indicated by the data of Eger and 
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Lapakko (1989). The steady decline in Ni is more suggestive of a precipitation process. 
The steady decline in As is also indicative of precipitation. The low Eh and release of 
ferrous iron from the sediments suggests that precipitation of ferrous arsenate may be 
occurring. 
Weekly changing of 500 mL of water with 'fresh' seepage water resulted in 
concentrations of Ni and As similar to the original values after 2 weeks for As. This 
suggests that for As, the net removal ceases. For Ni, on the other hand, some removal 
continued. It is possible to estimate the total Ni removed from the water column in 
these reactors during the period of observations. The estimated total removal (mean 
of 3 reactors) together with the total Ni in the reactors is summarized in Figure 17. 
It is assumed that the volume of water in the reactors being treated is 0.9 L. The data 
indicate that by day 40, a total of 93 mg of Ni had been removed from a total of 145 mg 
added to the reactors. This is nearly double that removed from the 'unchanged' 
reactors. However by the end of the observations the amount of Ni removed with each 
addition of seepage water was small. Clearly the system is approaching saturation. 
Calculations of As removal form the 'recharged' reactors 4, 5 and 6 have also been 
made (Figure 18). With additions of seepage water, the As concentration in the water 
column remains fairly constant (Figure 11) but is considerably lower than in the 
seepage water (85 mglL), therefore the As is being removed from the reactor water 
throughout the period of observations. Figure 18 shows that by day 40, a total of 83 
mg had been removed. The rate of removal remained constant over the observation 
period. In other words there is no indication that the removal process(es) is nearing 
full capacity. 
Since the As concentration in the 'unchanged' reactors was still declining at the end of 
the observation period, the water column in reactors 7, 8 and 9 was not changed. It 
is planned to run these reactors until there is no longer any net removal of As and Ni 
at which point, 500 mL of the water column will be replaced with 'fresh' seepage water. 
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5.0 DISCUSSION AND CONCLUSIONS 
To date, analyses have demonstrated that the muskeg sediment was effective in 
removal of Ni and As from added acid mine drainage, especially when organic 
supplements (potato waste, alfalfa pellets) were added. 
Analysis of the 1993 reactors provided a test for sequential extraction techniques for 
determination of amounts and forms of As and Ni held in sediments. The method was 
found to be reproducible for As and Fe but yielded highly variable results for Ni. 
The sequential analysis suggests that much As is held by the sediment in organic 
complexes. In the presence of organic amendments in the reactors, a substantial 
amount of precipitate was present. This indicates that reducing conditions, established 
through addition of potato waste or alfalfa pellets, can lead to removal of arsenic as 
precipitates. The EhlpH diagram suggests that the conditions found soon after addition 
of the organic amendments were favourable for formation of arsenite. This form of As 
has recently been detected in anaerobic soils contaminated by waste waters from a 
gold mine (Bowell et al, 1994). Although reducing conditions were no longer present 
in the water column at the time of sampling for the sediment analysis, pre-formed 
precipitates would be expected to be stable in the conditions observed. In the absence 
of organic amendments, less As was removed. The As removed was entirely as organic 
complexes. These are likely to be less stable than inorganic precipitates when 
conditions change. 
The Ni data from the sequential analysis is too variable for quantitative estimation of 
forms removed. However it is clear that precipitates are formed only when organic 
amendments (potato waste or alfalfa) have been added to the reactors. As for arsenic, 
reducing conditions produced through decomposition of organic matter can lead to 
precipitation of nickel salts which will be more stable in sediments than complexed 
forms. 
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The ‘sediment treatment capacity’ experiment yielded valuable data on the dynamics 
of As and Ni removal and began to examine the treatment capacity of the 6-Zone 
muskeg sediments. Over the 40 day period of observations, As concentrations in the 
water column declined from 85 mglL to 10 mglL. In previous experiments with similar 
conditions, dissolved As concentration eventually declined to stable values of 0.5 mglL 
to 1 mglL. In the present experiment, Ni declined from 70 mglL to 20 mglL. Further 
decline was likely inhibited by the high Fe in solution (reduced Fe released under 
reducing conditions). This will inhibit sulphate reduction (Lovley and Phillips 1991) so 
sulphide ions would not be present for precipitation of nickel sulphides. 
Exchange of 6.1 1 water in the water column of reactors determined that the sediment 
can remove considerably more Ni and As than present in a ’single dose.’ Arsenic 
removal continued at a linear rate through 5 changes of water. Nickel removal rates 
declined towards the end of the observations. The third treatment, where 6.11 is 
exchanged when a steady state concentration of As and Ni prevails in the water 
column, has not yet commenced. 
To summarize, both As and Ni can be removed from 6.11 water as potentially stable 
precipitates if exposed to reducing conditions induced through decomposition of organic 
amendment and the sediment environment. 
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sample added 
No As(mg 
X1 0 
X2 22.2 
total original solution 1 M KN03 solution 1 M Na4P207+EDTA solution 1 M HN4 acetate solution conc.HN03 solution 
vol. [As] tot.As % vol. [As] tot.As % vol. [As] tot.& % voi. [As] t0 t .h  % vol. [As] tot.As % measured 
mL mg/L mg 
0 0 0 0 150 0 0 0 150 0.3 0.04 100 150 0 0 0 150 0 0 0 
133 1.7 0.23 1.30 150 0 0 0 150 100 15.0 85.8 150 15 2.3 12.9 180 0 0 0 
mL mg/L mg mL mg/L mg mL mg/L rng mL mg/L mg As% 
78.6 
4 , 0.05 I 0.31 72.9 , 150, 0 , 0 , 0 150 100 15.0 98.3 150 1.4 0.2 1.4 170 0 0 0 
sample added 
No Ni(mg) 
XI 0 
X2 58 
X 3  59.4 
original solution 1 M KN03 solution 1 m Na4fZ07+EDTA soiutnn 1 M NH4 earlate solution conc. HN03 solution total 
vol. [Nil tot.Ni % vol. [Nil tot.Ni % voi. [Nil tot.Ni % vol. [Nil tot.Ni % vol. [Nil tot,Ni % meamred 
mL mg/L mg mL mg/L mg mL mg/L mg mL mg/L mg mL mg/L mg Ni % 
0 0 0 0 150 0.8 0.1 4.7 150 1.1 0.2 6.6 150 0 0 0 150 14 2.1 88.7 
68.1 
19.1 
133 121 16.1 40.8 150 38.2 5.6 14.2 150 117.9 17.5 44.4 150 1.7 0.3 0.6 180 0 0 0 
118 1.3 1.3 150 65.8 9.8 86.2 150 10.5 1.4 12.5 150 0 0 0 170 0 0 0 
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Appendix 3. Explanation of Sequential Extraction Calculations 
In Table A3a the second column gives the metal loadings which have been added with 
the seepage to the reactors, and represents the mglL multiplied by the volume of 
seepage added. In the third column, the accumulated As and Ni losses due to the 
weekly sampling where water is withdrawn from the reactors is presented. 
The fourth column represents the amount of As and Ni which remained in the reactors 
for removal by sediments. The sediment ratios represented in the fifth column are the 
ratios of the dry weight of the total sediment in the reactors to the dry weight of the 
sediment used in the extractions. 
For each of type of sequential extraction, the extracted metal concentrations and the 
volumes of the extraction solutions were measured, from which the total quantity of 
metal extracted (representing the respective form of the metal present in the sediment) 
was calculated. The percentage of each fraction is referenced back to the original 
amount present in the reactor sediments. 
The concentrations of each metal in the reactors' water columns are shown in Table 
A3b. The waters are divided into three layers; the "top" solution is the water above the 
sediment (the treated seepage in the reactors), the "middle" solution is the pore water 
from sediment layers 1 and 2, and the "bottom" solution is the pore water from 
sediment layer 3. The metal content and percentages were calculated. The "pore 
water % '  is the sum of the dissolved metals in the three solutions, and the "sediment 
%" is the total extracted. 
The percentage comparison of the amounts of metal in the sediment and those in the 
water body, assessed by analysis, is listed in the three columns under the "measured" 
section of Table A3b. The last column in Table A3b shows the comparison of the 
"head" less the "sampling loss" (the 3rd column in Table A3a) with the total metal 
analyzed in the pore water and the sediment. 
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Table A3a. Extraction and Mass Balance of As, Ni, and Fe in Reactors 
Table A3b. Extraction and Mass Balance of As, Ni, and Fe in Reactors 
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Jlv.1 
IW.2 
)er-3 - b””r 
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6 
7 
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9 
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7 
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9 
JW.1 
w 2  
w3 
- 
Eh CCnd. 1-C Ni AS Fe N03-N NH4-N Po4-P Acidity 
lmv) umhor/sml (C) 
.168 
4.78 
4.68 -191 
4.75 -204 
5.17 -193  
5.55 -275 
ImglL) ImgiLI . (mglL1 ImsN (mg/L) (mg/L) (mg/L]* 
- 
4.76 
4.77 
5.m 
5.33 
4.89 
5.21 
4.72 
5.08 
4.93 
4.46 
5.05 
4.43 - 
- 
22.6 
24.3 
29.5 
36.6 
39.8 
38.1 
27.8 
26.0 
34.7 
65.7 
72.6 
64,0 - 
19.1 
19.1 
22.6 
38.1 
41.6 
38.4 
17.4 
18.1 
24.3 
58,5 
65.7 
57.1 - 
- 
222 
210 
155 
234 
250 
226 
-114 
113 
226 
-197 
-in 
-203 -
= 
20.4 
20.5 
20.6 
20.6 
20.6 
20.6 
20.7 
20.6 
20.6 
20.4 
20.3 
20.4 - 
1 1 3 5  
1144 
1264 
1245 
1241 - 
1055 
1091 
1065 
1140 
1176 
1106 
1098 
1062 
1135 
1355 
1278 
1381 - 
5 0 6  
4 5 6  
- 
5.26 
5.31 
5.43 
5,61 
5.63 
5.94 
5.43 
5.51 
5.38 
6.01 
1144 
1059 
108 
1076 
6.19 1155 
6.27 1165 
6.34 1150 
5.92 
6.08 -89 
5.77 
6.41 1310 
6.38 1240 
6.45 1325 
- 
20.2 
20.3 
20.3 
20.4 
20.3 
20.4 
20.4 
20.3 
20.4 
20.2 
20.1 
20.1 - 
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21.5 
21.4 
21.6 
21.5 
21.6 
21.5 
21.6 
21.5 
21 .I 
21.4 
21.3 
21.2 - 
 
21.5 
21.4 
21.3 
21.5 
21 .6 
21.6 
21.6 
21.5 
21.4 
21 .1 
21.2 
21 .1 
21.5 - 
32.9 
39.8 
31.2 45 
45.0 
72.6 
74.3 
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45 
45 
45 
5 
65 
Bo 
50 
45 
50 
75 
80 
65 
e_ 
28.6 
14.5 2.8 9.2 
1t .2  6.8 5.6 
13.0 6.0 19.7 
13.8 10.8 16.2 
4.2 4.4 12.7 
4.0 6.6 12.7 
3.8 6.0 16.2 
11.2 8.4 
6.5 13.2 
14.2 6.0 5.6 
14.3 5.2 12.7 
14.7 2.8 18.2 
3.7 4.4 12.7 
2.8 16.7 9.2 
3.7 5.2 19.7 
10.7 
11.0 
11.3 9.2 
14.7 1.2 2.1 
16.3 2.8 5.6 
19.7 2.0 5.6 
4.0 2.8 9.2 
2.7 15.5 12.7 
4.3 3.6 5.8 
45.0 
46.4 
43.3 03 
19.1 0.2 
24.3 03 
39.8 0.7 
76.0 65 0.3 
76.0 105 0.1 
72.6 0.6 
- 
24.0 
23.1 
21.4 
58.5 
63.6 
51.6 
16.1 
16.3 
3 . 3  
75.7 
62.6 
79.2 
87.6 - 
- 
0.1 
0.1 
0.1 
0.5 
0.6 
0.6 
0.1 
0.1 
0.1 
0.3 
0.7 
0.3 - 
p_i 
0.1 
0.1 
0.1 
0.5 
0.6 
0.7 
0.1 
0.1 
0.1 
03 
0.5 
0.6 
21.5 - 
- 
13 
15 
9 
8 
19 
22 
12 
10 
9 
8 
18 
10 -  
10 
12 
9 
9 
13 
14 
11 
10 
6 
6 
15 
13 - 
436.8 
230 
374.4 
320.6 
415 
W . 1  
284.2 
357.7 
2695 
237.4 
163 -  
195 
258 
154.6 
117.7 
217.6 
130.7 
296.9 
158.6 
p3.6 
387.1 
121.5 
418.5 - 
171,2 
168.6 
137.3 
94.5 
135.9 
78.4 
171 5 
142.6 
194.8 
1Ea.2 
92.2 
310.7 - 
58.2 
569 
0.3 53.1 
793 
0.1 4.3 
0.7 3.8 98.5 
1.0 4.6 45.4 
1 .o 5.2 30.6 
1.0 4.7 59.9 
20.8 56 89.5 
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February 2, 1993 
Mr. Paut Douris 
Boojum Research Ltd. 
468 Queen Street East 
Suite 400, Toronto, Ontario 
M5A IT7 
Dear Paul: 
Further to your request for information on EPL's round robin participation and QAlQC 
documentation, I am enclosing three separate packages. 
1 .o 
. .  
2.0, 
3.0 
QUALITY ASSURANCE, QUALITY CONTROL, DETECTION LIMITS 
This is a precis of our QA Manual, which is at least three inches thick. This precis describes 
EPL's QMQC goals and objectives as well as the laboratory applications and @. 5 )  a listing of 
specific, routine QNQC steps that we perform on every project. EPL is probably unique 
among labs in going to these lengths, and in actually providing the customer with a full QNQC 
report on each project. 
EPL LABORATORY CERTIFICATION 
This describes our certification in Canada and the U.S., as well as a listing of the round robins 
we've participated in. Our performance in these round robins is always among the top 1-5 
participants. 
MlSA ATG # CHART 
A listing of EPL's methods, keyed to MISA test group, U.S. EPA method code, and EPL's 
method detection limits - all of which meet the MISA requirements, as well as the other 
existing regulatory requirements. 
If you require further information please give me a call. 
.. 
JNBlno 1 Enclosures 
iv 
. . .  . .  . .  . . _.  . .> . . .  
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QUALlTY ASSURANCE, QUALITY CONTROL, DETECTION LCLIITS, LIMS 
QUALITY ASSURANCE PROGRAM 
EPL's Quality Assurance Program (QAP) develops information which can be used to provide 
on indication of the need for corrections to the analytical system (QA). The QA Program 
measures whether or not the lab is in overall control. Quality Control (QC) becomes a 
subset of the QAP and evaluates the accuracy and precision of analytical data to establish the 1 quality of data. 
The following section provides an overview of EPL's Quality Assurance Program. 
EPL's QA Manual is available for review upon request. An outline is attached (Appendix 
1). The complete document which is several inches thick is available for viewing anytime at 
OBJECTWES AND GOALS 
Quality Objectives 
The Quality Assurance Program (QAP) assures the accuracy, precision, and reliability of the 
analytical data produced by EPL. Management, administrative, statistical, investigative, 
preventive, and corrective techniques are employed to achieve this objective through the 
I 
1 
1 . .. . . following gods. . .  
To develop and implement approved methods capable of meeting EPL client 
needs for precision, accuracy, sensitivity, and specificity. 
To ensure that all EPL staff receive training in quality technology enabling 
them to carry out their QAP responsibilities. 
To establish and keep under review a baseline of quality performance against 
which the effectiveness of quality improvement efforts are measured. 
To monitor the routine operational performance of the laboratory through 
participation in appropriate interlaboratory testing programs and to provide for 
corrective actions as necessary. 
To improve and validate laboratory methodologies by participation in method 
validation studies. 
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Quality Tactics 
This section lists the tactics EPL follows to achieve the QAP goals. 
Quality activities emphasize the prevention of quality problems rather than 
detection and correction of problems after they occur. 
Quality cost figures are computed quarterly and reported to the President. 
All employees undergo training programs commensurate with their positions, 
duties, and responsibilities. 
EPL uses only published and approved methods. 
EPL retains copies of all test and analytical reports in a manner and for a 
period specified by regulatory or accrediting bodies. 
EPL has a comprehensive calibration program involving all instntmentation 
used for making analytical determinations. 
EPL uses appropriate, reagents and chemicals, Certified when necksary, -and 
appropriate calibrated glassware, certified when necessary. 
EPL establishes and maintains a total interlaboratory quality management 
system to assure continued precision and accuracy of laboratory results. 
EPL participates in interlaboratory testing programs on its own initiative and 
as prescribed by accrediting organizations. 
Laboratory Facilities 
EPL's state-of-the-art laboratory is located at 6850 Goreway Drive, Mississauga, Ontario 
L4V 1P1. Specific features include: 
0 
0 
A high security building with restricted access to laboratory area. 
Emergency electrical back up to essential services including, fumehoods, 
storage refrigerators, lab lighting etc. 
Controlled laboratory suitable for trace analysis. 
Centralized services, library with on-line data searching, centralized glassware 
washing, maintenance, c h e w  and labware stores. 
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Projects are defined by assigning the specified test codes to the lab sample 
within a given project. 
On-line LIMS reports display the real t ime status of lab workstations. 
EPL follows the U.S. EPA's recommended frequency for processing QC 
samples. These requirements are predefined and enforced by the LIMS 
system. 
Each analytical run contains as a minimum 1 process blank and 1 process 
recovery spike per 15 samples, as well as 1 replicate and 1 matrix spike per 
client within the tun. 
Hardcopy worksheets containing all of the pertinent information are generated 
for each run. 
Signed and dated records of each laboratory activity are maintained. 
Lab staff have ready access to LIMS status reports including: 
- work in progress - work due dates 
- overdue work - project status etc. 
The LIMS audit trail documents a l l  key events: 
- sampling date 
- date received 
- process data 
- analysis data 
- report data 
viii 
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All analytical services are based upon accepted (MOE, U.S. EPA) procedures and are 
fully validated prior to use. 
Analytical standards are prepared from nea t  solids or from certified solutions. 
Calibration standards are validated against external reference standards wherever 
possible. 
Extensive use is made of Standard Reference Material (SRM) For routine procedure 
evaluation. 
Surrogate standards are used. 
Routine submission of blind samples is standard practice. 
Analytical sequences are predefined and ensure all results are traceable to calibration 
and QC data. 
Hardcopy reports displaying all of the required data are generated for each instrument 
analysis. 
Analytical results are determined only from instrument responses that fall within the 
demonstrated calibration range. 
Acceptable QC sample performance must be demonstrated prior to the authorization 
of data, (data are subjected to 3 levels of QC review: technician, supervisor, and 
manager). 
On-going method and instrument performance records are maintained for all analysis. 
A QC certificate is issued with each project. The QA/QC data reported is specific to 
your project, and it consists of: 
- full spikelrecovery determination - blank 
- standard reference material 
- replicate analysis 
Records containing all pertinent data are securely archived for seven years. 
The LIMS database is backed up daily. ix 
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Interlnboratory Cornparkon 
0 
0 
EPL is accredited by CAEAL as of June 1991. 
EPL is accredited by New York State, as of January 1992 
EPL welcomes audits and inspections by current and potential clients. 
Whenever possible EPL participates in interlaboratory round robin studies. A 
list of round robins EPL has participated in is attached (Appendix 2). 
ANALYTICAL METHODS & INSTRUMENTATION 
EPL analytical methods are listed in Appendix 3. We have also included information on 
standard holding times and preservation methods. Methodologies specific to this contract are 
referenced on 'Attachment A'. 
EPL METHOD DETECTION LIMITS 
EPL follows EPA and Ontario Ministry of the Environment WOE) analytical methods. 
Method Detection Limits (MDL's) are established following MOE Analytical Protmls. 
Method Detection Limit (MDL) - in a given matrix and with a specific method is defined as 
the minimum concenrraion of an analyce thai can be ideru9ed. qualitatively or quanrilatively 
measured, and reported to be greater than zero at the 99% co?fi&nce level. 
An MDL is a statistically defined decision point. Measured results falling at or above this 
p i n t  are interpreted to indicate the presence of an analyte in the sample with a specified 
probability, and assumes that there are no known sources of error in identification or biases 
in measurement. 
It should be noted that when MDL estimates are developed using clean samples (i.e. reagent 
blanks) they represent an optimum achievable value. MDL's obtained in this fashion are 
useful for establishing performance criteria and allowing comparison of interlaboratory 
method capabilities, but are not applicable in defining the quantitation capability for other 
samples which introduce matrix effects. EPL MDL's have been established for the matrix 
being analyzcd. As such, real sample MDL's can be higher than instrument detection limits. 
MDL's specific to this proposal are available upon request. 
LIMS 
Environment Protection Laboratories have a proprietary PC based LIMS system. MOE and 
OGS systems supplied by BMB Compuscience served as the genesis LIMS. The software 
X 
1 has been customized for EPL's specific needs. The system is capable of both sampleldata 
handling and reporting as well as a data management to log workload, throughput and 1 costing. 
All major components of the LIMS have a backup which can be easily installed should the 
original fail. Data are stored on the hostlserver PC (33 Cornpaq 386) hard drives, and it is 
backed up to tape nightly. 
('"There are two levels of security on the LIMS system, one at the network operations level 
requiring that the user know both a user number and a password. As well, the LIMS 
software has security, restricting access to certain modules and various levels within those 1 modules (i.e. browsing, updating, approvals). 
The system has a sophisticated costing and invoicing module. Invoices and Certificates of 1 Analysis are generated by the LIMS on completion and approval of sample analysis. Reports 
of Analysis are available electronically through EPL's bulletin board, in ASCn delimited I files if requested. 
1 The analyst receives a QC error report with each run  of samples which lists all QC 
1 chaxts are updated and generated each night by the LIMS. All QC data are stored in 
1 The data undergoes three levek of approval before releare to the client. Each approval is 
1 All written methods are available on the LlMS for referral by the analyst. 
EPL's instrument data capture module has a QC checking routine which flags QC data that 
fall out of tolerance. The routine also compares the present QC data to long term trends. 
exceptions. In addition, the percent spike recovery is calculated and listed. All control 
databases for long term precision and accuracy tracking. 
time stamped along with the LIMS usercode of the individual who approved it. 
INTERLABORATORY COMPARISON STUDIES 
EPL routinely participates in government and industry sponsored interlaboratory comparative 
studies. Appendix 2 lists all the studies EPL has participated in shce start up. Two round 1 robins are of special interest - the Canadian Association of Environmental Analytical 
Laboratories accreditation for metals and anions and the O'Connor Associates BTEX 
evaluation; both demonstrate that EPL's data falls in the upper decile. More recent robins I such as the air filter study from the Association of the Chemical Profession of Ontario 
(ACPO), January 1992, and the Atmospheric Environment Studies 1991 air filter study have 
established EPL as a leading air analysis laboratory. EPL has  also recently been certified by 1 New York State, and their certification involved analyses of interlaboratory check samples. 
I 
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EPL LABORATORY CERTIFICATION 
Neither the Government of Canada nor the Provincial Government of Ontario has a formal 1. ::- ap$&al process for laboratories. However, EPL is recognized as a top quality laboratory by 
2. mibl. officials in the Canadian Federal Government and the Ontario Ministry of the 
:....~.Envi;onment, and we have been approved by these agencies to perform analytical work for .:' .. 
-. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
,I 
EPL has  performed extensive testing for the Province of Ontario, and has taken part in numerous 
interlaboratory studies for water and other materials. Our laboratory has always performed very 
well, and on the basis of our data quality we have been contacted by the Ontario Ministry of the 
Environment to perform environmental analyw. 
EPL has  also performed testing for several departments of the Federal Government of Canada, 
including Agriculture Canada and Environment Canada. Before selecting EPL, the Canadian 
Oovernment examined EPL's data quality and put the lab through an extensive cross-cornparison 
with several U.S. laboratories. The fact that both the Provincial Government of Ontario and the 
Canadian Federal Government have approved EPL for their work constitutes de facto acceptance 
of EPL's capabilities. The Ontario Ministry of the Environment has  even used EPL to act as 
a referee laboratory to settle questions about data from different provincial government 
laboratories. 
EPL is a member of the International Association of Environmental Testing Laboratories 
(IAETL), an organization made up of laboratories working on issues such as accreditation. 
We are also members of the Ontario Bottled Water Association (OBWA) and the Canadian 
Bottled Water Association. EPL was selected by the OBWA as their laboratory of choice for 
1991 and 1992. 
EpL has been certified by the Canadian Association of Environmental Analytical Laboratories 
(CAEAL). CAEAL is the only organization in Canada that formally certifies analytical 
laboratories. 
I n  the U.S., EPL has been granted Certification by New York State, through the Department 
of Health. EPL's certification covers bottled water, effluent, air samples and the range of other 
environmental analyses. Certification by New York State is regarded as primary certification 
by a large number of other states. 
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Standard Reference Material 1571 
Orchard Leaves 
mu Standard Refercna Material is intended for w for thecalibntionofappantwad thenlidationand/or 
verification of methods used in the analysu of agrimltunl and other bounial materLb for major, minor, and 
tna ekmeau 
c&d V r h t a o f C d t u r n t  Ekmcab: Theaniri~vlluerforthccoartihKntckmeatsarcsbo~inTabk 1. 
The analytiul techniques uxd and the namca and afWations of thc adysts vc shown in Tabk 3. CCnirKd 
vdua arc bucd on molu obtained by r c f e m  methods of known ~ccuncy and performed by two or more 
~nalys~ordtrmrtiwly, fromrrutttsobuiacd by~oormorrindepmdcnt,rclubka~yrialmahodr. Non- 
cmirkd valuer are giwn for information only in Tabk 2. All nlua arc basal on a minimum rrmpk s i n  of 
2SO mg of the dried maud 
N o ~ k e  and Wuniop to Usem 
Expintba d Ccrttlkatfon: mu certification U kvltid after 5 yam from che &te of shipping. Should it k 
shown invalid prior to that time, purcham will k notikd by NBS. 
Stn- The material should be kept in its original bottk and stored at tempmtura d' 10-30 O C  It 
should not k exposed to inrenre MUIQI of nd'utjop including ultraviola lamps or sunligfrl. Idally, tkbotc* 
should be kept in I desiccator in the dark a1 the trmpmturc indiclud. 
Usc: A minimum wmpk of 250 mg of thc drird material (see InStrUnioar for Drying) should k wed for m y  
analytical determination to be rcfited to the certified v a h a  of t h i  Sntirvuc 
The ovenU d&on and coordination of che r ~ c h n i a l  meLIumnmu kadingto thiartificrcewnc performed 
under the cbainnaruhip of P. D. LaFkur. The o v c d  coordinrtion dth o o o p m t i ~  work prformod by Ibt 
Commission of European Communitia, Joint Research Ceac~r. Ispn Establihmnt, Italy. was by G. RoYi of 
*c Chemisuy Divkiion. 
The technical and suppon aspcnr involved in the prepantion, ertifiation, and issuance of this S- 
Reference Material were coordinated through the oftie of Standard Refercm Materialr by T. W. M a n  
- 
Washinson, D.C. 20234 
(January Zg 1971) 
(Revised August 15. 1976) 
(Revised AU~USI 31. 19m 
J. Paul clli chjcf 
oflicc ofStandard Reference MatcriPlr 
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I 
Major Comtituenu 
Element 
Nitrogcn 
Calcium 
P w i u m  
Content 
Wt. PercepC 
276 2 0.05 
2.09 t 0.03 
1.47 * 0.03 
Minor Constituents 
Content 7- 
Magnesium 
Phosphorus 
0.62 2 0.02 
0.21 f. 0.UI 
The uncerraintb h u m  above include both the imprecision. exprased Y the standard deviation of a singk 
measurement. md M rllowancc for unknown souras of syrtcmtic error. 
T n a  Corutituent8' 
Element 
Iron 
Manganese 
Sodium 
Lc+d 
Strontium 
Boron 
ziac 
Rubidium 
A m n k  
-
C O P F  
Content 
PBI L 
9 1 2  4 
8 2 2  6 
45k 3 
3 7 *  I 
3 3 2  3 
252 3 
12*  I 
12k I 
t o t  2 
- 
m*2o 
Ekment 
Antimony 
ChlomiUm 
Nickd 
Molytdcnum 
M e w  
Cadmium 
Selenium 
ThOriUm 
UnniUm 
Beryllium 
Content 
P810 
29 k 0.3 
26 20.3 
1.3 i0.2 
0.3 f 0.1 
0.155 2 0.015 
all 20.01 
0.08 kO.01 
0.029 +- 0.005 
0.027 k 0.010 
a m  & 0.m 
The unaruintinrhown abovearcthe impreei?iioruexprruedaceithertwoslandPrddevLtionrofrs~g*d*er- 
mination (commonly. but pcrhap incomly .  called the 9 5  percent cuniiicna limit3, or the mtirc ranp of 
observed mulu -whichever of the two is larger. No additional allowanec for the unarclinty framualrnown 
murm of s~temat ic  error has been included, sina these are matidend to be r d  reLttve to the imprecision U 
e x p t s d .  
NOTE: The following valua arc not certified because they are not biced on the mulu of either a refa- 
method or of hw or more independent method% These valuer are included for information only. 
Ekmcnt 
Sulfur 
chlorine 
Barium 
Bromine 
Fluorine 
Lithium 
- Concent E l e m t  
cob& (0.2) 
lodinc (0.17) 
Bismuth (0.11 
Gallium (0.011) 
Caium (0.04) 
Tellurium (0.01) 
A!L - 
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I 
1 
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I 
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I 
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Analyst+ md Wytid Method. 0 4  
AM&IiUlMnhodr 
A Atomic absorption spectrcscopy 
B. R u n c e m i P i o n s ~ m e y  
C G r a v i w y  
D. Intenoday Committee Mctbod 1220601-68l for fluorine 
E. Isotope dilution rmsl apcaromcuy 
F. Isotope dilution spark wun* mm spavomvy 
0. Kjcld.hl mahod for nitrogen 
H. Nevtron.ai.ntioo 
I. Nuckutncktechnique 
J. Optialcmissioaspsvor~py 
K Pbo:on.ctivltion 
L Poluographp 
M. Spearofluocimcuy 
N. Spa*ropbotom*ry 
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Analysts 
AmlycmI Chcmiitry Division. Natlonal Bureau of Standards 
I .  T. C. Rains 
2. M. S. Epstein 
1. T. A. Rwh 
4. W. P. Schmidt 
5. B. S. Carpenter 
6. E. R. Desrdorlf 
7. R. A. Paulroa 
a. L P. DUNW 
9. L J.  Moore 
10. E. L. Gamer 
I I .  T. J .  Murphy 
12. L A. Machhn 
13. J. W. Gramlich 
14. R. Alvarer 
15. K. M. Sappenfield 
16. C. Muelkr 
17. P. 1. Paulvn 
18. I). A. k k c r  
19. I E. Gills 
20. W. D. Kinard 
21. P. 11. LaRwr 
22. I.. 1'. McClcndon 
3. H. I .  Rook 
24. (i. J. Luu 
25. E. 1. Maicnthal 
26. 8. 1. IXamandrtone 
27. S. A. Wicks 
Coopenting A ~ l p t ~  
28. Nuclear Chemistry Section. Jwf Slckn Insfitute. Ljubljpna. Yugoslavh. 
V. Ravnick A. R. B v m  
L Koru M. Dcmwlj 
29. Chemistry Division. Standards and Rckrcna Substances Samuriat. Commission of Eurown 
Communitia. Joint Revarch Center. l r p n  Establishment. Italy. 
F. Giradi 
G. Guru 
R. Pictra 
E. Sabhioni 
30. L. A. Rancitelli. Pacific Northwest Laboratories. Rattelk Memorial Institute. Richland. Washington. 
31. J. 8. J o m  Jr.. University of Georgia Athens. Georgia. 
32 A. L. Kcnwonhy. Michigan State Univenity. East Lanring. Michigan. 
33. L Rcngan. Eastern Michigan University. Ypsilanti. Michigan. 
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METHOD A B C O  t F G U I 1 K L  W N  
L L I M r n  
Sb 
k ia 
a 
a I3 r 
9.1 I 
F 
0. 
I 
MO 
Ni 
I1 
I3 
1.l 
&I0 
14.1417 
7 
9.12 
I9 
18.193. 
P31.M 
a 
n n 
a 
n 
J 3231 
I9 
30 n 
P 
I910 
I1 
I9 
193429. n 
30 
30 
23 
14.1417 19331 
14.1417 
14,1417 
I4.1617 
N 1, . 
25 
m n  
31 
P 4,7 
K 1-1 I f  
I. 2 
30 3all 
H 
Rb 
s 
-
1329 9.11.12 3031 
141417 WO 
N i  I3 101411 sr 9.12 
S 5.6 
Te 23 
TL 1412 
U 1213 I1 J t I3 14.16.17 l8B.30, U 
31 
n 
c - rcelylcnc AAS 
prcconccntrrtion is carried out for 
.OS 
.OS 
.OS 
.OS 
.02 
.02 
,005 
I )  MlSA EPL 
Mslhod MDL MDL 
u f i  
4.3 "@ 0.3 
0.6 0.3 
0.8 0.6 
2.8 0.6 
MlSA 
ATG I Parameter Code Method ldenllfier 
, I  EP161A F'urge a d  Trap. GCIELCDIPID 16 1,1,2,2-Tetrachloroclne 
1, I ,2-Trichloroethmne 
1, I-Dichlorotlhane 
I ,  I-Dichloroechylene 
1,2-Dichloroethane 
0.9 0.7 1 ,2-Dichloropropne 
1.1 0.7 I .3-Dichlorobenzene 
1.7 0.7 I ,4-Dichlorobenzene 
3.7 0.8 Bromoform 
3.7 3.3 Bromomechrne 
1.3 0.2 Carbon tetrnchloride 
0.7 0.7 Chlorobenzene 
0.7 0.4 Chloroform 
3.7 3.5 Chloromethane 
Cis- I .3-Dichloropropylenc 1.4 0.5 
Dibromochloromechane 1.1 0.7 
E lens Dibromidc I .o 1 .o 
ylcnc Chloride 1.3 0.6 
1.1 0.8 
1.4 0.8 
Tifiachloroethylene 
Trsnr- 1.2-Dichloroechylene 
Trins-l,3-Dichloropropylcne I .4 0.3 
Trichloroelhylene 1.9 1.0 
Trichlorofluoromcthne 1 .o 5.0 
Vinyl Chloride 4.0 4.6 
17 Benzene EP17IA Purge and Trap. GCIELCDIPID 0.5 0.4 
Toluene 0.5 0.5 
o-Xylcnelltyrenc 0.5 0.5 
mIp-Xylene 1.1 0.05 
18 Acrolein EPl81A Purge ind Trip, GCIMS using capillary column 4.0 4.0 
Acrylonitrilc 4.2 4.0 
5-nitro-acenaphbsne 4.3 2.0 
Acemphthylene I .4 I .o 
Anchracene 1.2 1.0 
&nr(m)mthraccne 0.5 I .o 
BcnZa(b)pyrCnO 0.6 0.5 
1.2-Dic6lorobenzene 1.4 0.7 
0.8 0.7 
& 
___- 7 -Emir= Acetuphchene 1.3 1 .O 
EPL 
SRI CAC 
uoll. U g R  
. I  40 
. I  40 
40 . I  
40 . I  
40 . I  
. I  40 
40 . I  
4 0  . I  
40 . I  
40 ' . I  
40 . I  
40 . I  
40 . I  
40 . I  
40 . I  
. I  40 
. I  40 
. I  40 
. I  40 
- 1  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 - 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  40 
. I  4 
~ 
19 
:on?. 
. .. 
Biphcnyl 
20 2.3.4.~-Tetrichloro~henol 
Ba nzo(b)fluarmtheao 
Benzo(g,h,i)perylene 
Bcnzo(k)fluoranthcne 
Camphene 
I-Chloroniphthalene 
2-Chloroniphthilene 
Chryrene 
Dibenz(a ,h)anthraccne 
Fluoranthene 
Fluorene 
Indeno(l,2,3-c,d)pyreno 
Indolc 
1 -Mcthylnrphthalene 
2-Methylnaphthalene 
Naphthalene 
Pcrylcoc 
Phenanchrene 
F'yrene 
Benzylbutylphthalite 
B i r ~ l ) p h t h a l a l e  
Di- bufylphthalate 
4-Ernophenyl phenylcthcr 
4-Chlorophenyl phenylcthcr 
Bir(2-chloroiropropyl)cther 
Bis(2-chlorocthyl)cther 
2,4-dinitrotoluene 
2.6-dinitrotoluene 
Bir(2-chloroethyoxy)meth~e 
Diphenylrrnine 
N-Nitrosodiphcnylatnine 
N-Nitrodi-n-Drowlimina 
2,3.4.6-Tetrichlorophenol 
2.3,5,6-Tc1rachlorophenol 
2.3.4-Trichlorophcnol 
-m5i 
5 
MDL 
0.7 
0.7 
0.7 
3.5 
2.5 
1.8 
0.3 
I .3 
0.4 
1.7 
1.3 
1.9 
3.2 
2.2 
1.6 
I .5 
0.4 
0.4 
0.6 
2.2 
3.8 
0.3 
0.9 
2.2 
4.4 
0.8 
0.7 
3.5 
14 
14 
3. I 
2.0 
0.4 
2.8 
I .6 
0.6 
1.3 
1.3 
- 
- 
EPL 
uon. MDL 
0.7 
0.7 
0.7 
2.5 
1.0 
1 .o 
0.2 
1.0 
0.3 
1 .o 
I .o 
2.0 
1 .o 
I .o 
I .o 
I .o 
0.3 
0.4 
0.6 
2.0 
I .o 
0.3 
0.8 
I .o 
1.0 
0.7 
0.7 
2.0 
4.0 
4.0 
2.8 
I .6 
0.4 
1.5 
1.3 
0.6 
1.3 
I .o 
- 
- 
EPL 
SRI 
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
- 
HlGH 
CAL 
u9n. 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
40 
40 
40 
40 
40 
40 
MlSA 
ATG # Parameter 
1 20 2.4,6-Trichloropbenol 
con't. 2.4-Dirnethylphcnd 
2,4-Dinilrophenol 
2.4- Dichlorophenol 
2,6-Dichlorophenol 
4,6-Duritro-o-crcsol 
2-Chlorophenol 
4-Chloro-3-methylphenol 
4-Nilrophenol 
m-Cresol 
0-Cresol 
p-Cresol 
Pentachlorophenol 
Phenol 
23 I .2,3,4-Telrachlorobcnzene 
I .2.3,S-Tetrrchlorobcnzene 
I .2,4,S-Tetrichlorobenzene 
I ,2,3-Trichlorobcnzcne 
I ,2,4-Trichlorobenrene 
2.q-Trichlorotolucne 
Hepchlorobcnzenc 
Hcxachlorobutadune 
Hexrchlorocyclopcntadiene 
Hexrchloroclhrne 
Octachlorostyrcne 
I Pentachlorodenzene 
24 ~2.3.7,8-Te1rachlorodibcnzo-p-dioxin 
I Ocuchlorodibcnzo-p-dioxin Octachlorodibentofuran Total hcptachlorluted dibenzo-p-dioxins 
Total heptachlorinmced dibcnzofuranr 
Total hexachlorinatul dibcnzwp-dioxins 
Total hexachlorbted dibenzofunns 
Total pentachlorinited dibcnzo-p-dioxinr 
Total pentachlorinated dibenzofurms 
Total tetrachlorinated dibcnzo-p-dioxinr 
Total tetrachlohted dibenzofurmns 
1 '  , 
Method 
EP241A Liquidlliquid extraction. multi component 
chemicallv modified adsorbcot colum c lan  up 
* 
MDL 
I .3 
7.3 
42 
1.7 
2.0 
24 
3.7 
1.5 
1.4 
3.4 
3.7 
3.5 
1.3 
2.4 
0;01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
3.oooo3( 
~.oooO3( 
D.oooO3( 
D.00003 
D.oooO3( 
9.oooo2( 
3.oooO2c 
3.ooOo15 
3.MxK)2( 
D.ooOol! 
* 
m 
-
- 
EPL 
MDL 
1.2 
I .o 
2.0 
I .7 
I .9 
4.0 
2.0 
1.5 
I .3  
I .o 
I .o 
1.0 
I .o 
1.0 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.007 
0.005 
0.01 
0.005 
0.01 m 
).oooO25 
).oooo25 
~.oooo25 
).WOO25 
Loo0025 
).WOO15 
~.oooO15 
1.ooo010 
l.ooOo20 
I.oooO10 
upn. 
- 
-
EPL 
SRI 
uoll 
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
. I  
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
OOOOOS 
. m 5  
. m 5  
. m 5  
,000005 
,000005 
. m 5  
. m 5  
,000005 
,000005 
,00000s 
- 
nffin 
uqn 
CAL 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 rn 
.0005 
.0005 
.0005 
.0005 
.0005 
. m 5  
.ms 
.0005 
.ooos 
.ms 
- 
- 
. . - 
~~ 
EP293B 
EP294B 
27 I PolychIorinrted Biphenyls (PCB) 
Hydride Generation .komi; Absorption ( T J i  . 0.005 
Smith-Hieftjs 22Narirn VGA 76) 
Hisftie 22LVarirn VGA 76) 
Cold Vapor Atomic Absorption (TJA Smilh- 0.0002 
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